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The synthesis and characterization of aliphatic polyamides, aromatic poly¬ 
amides and block copolyamides are discussed. 
The following aliphatic polyamides were synthesized: poly(trans-l,4-cyclo- 
hexylene-trans-l,4-cyclohexanedicarboxamide), poly(trans-l,^-cyclohexylene- 
cis,trans-l,4-cyclohexanedicarboxamide), and poly(trans-l,2-cyclohexylene-trans- 
1,4-cyclohexanedicarboxamide). The following aromatic polyamides were synthe¬ 
sized: poly(l,4-phenyleneterephthalamide) and poly(2-methyl-l,3-phenylenetere- 
phthalamide). The following block copolyamides were synthesized: poly(trans-l,4- 






amide), poly(trans-l,2-cyclohexylene-trans-l,4-cyclohexanedicarboxamide-b-l,4 - 
phenyleneterephthalamide) and poly(2-methyl-l,3-phenyleneterephthalamide-b-l,4- 
phenyleneterephthalamide). The polymers were prepared by low temperature 
solution polycondensation, ambient temperature interfacial polycondensation and 
combinations of solution and interfacial polycondensations. 
Aliphatic oligomers were prepared from trans-l,4-cyclohexanediamine,trans- 
1,2-cyclohexanediamine, trans-l,4-cyclohexanedicarbonyl chloride, and cis,trans- 
1,4-cyclohexanedicarbony 1 chloride using a 10 percent excess of diamine. Aromatic 
oligomers were prepared from 1,4-phenylenediamine, 2,6-diaminotoluene and 
terephthaloyl chloride using a 10 percent excess of acid chloride. Block copolymers 
were prepared by reacting the aliphatic blocks having amino end groups with the 
aromatic blocks having acid chloride end groups. 
Characterization of the aliphatic and aromatic blocks and the block 
copolymers was accomplished by spectroscopic analysis (infrared, proton and 
carbon-13 nuclear magnetic resonance) and solution viscosity. 
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INTRODUCTION 
Para-linked aromatic polyamides, first described in the literature in a 1958 
patent issued to Magat/ have been subjected to extensive study in recent years 
because of distinctive properties associated with their extended semi-rigid chains. 
These relatively inflexible rod like chains are responsible for unusual solution 
2-4 properties including the formation of polymer liquid crystals in concentrated 
solution where the ordering of the chains generates remarkably high modulus and 
2 5 tensile strength fibers. ’ These impressive solution and mechanical properties in 
combination with the high melting temperatures and low solubilities characteristic 
of polyamides delineate a generous array of possibilities for these extraordinary 
6 7 8 9 polymers. ’ Polyamides are formed by condensation polymerization ’ of 
8 10 11 12 diamines and dibasic acid derivatives ’ ’ and may be prepared by solution or 
12 13 interfacial poycondensation ’ reactions. 
Homopolymers are composed chemically and stereochemically of identical 
repeating units—excepting terminal groups. When more than one type of repeating 
unit is incorporated into a polymer chain, a copolymer is formed. Low molecular 
weight polycondensation products are called oligomers. Their properties are 
intermediate between low molecular weight compounds and high polymers. 
The four types of copolymers are alternating, graft, random and block copoly¬ 
mers. Alternating systems are composed of a sequential tandem arrangement of 
two distinct repeating units. Graft copolymers are branched structures with one or 
more side chains of one repeating unit attached to a polymer backbone of another 
repeating unit. Random copolymers are characterized by a statistical distribution 
of repeating units along the polymer chain. Block copolymers consist of long 
1 
2 
sequences (blocks) of homopolymers of one type that are terminally connected to 
14 long sequences of homopolymers of a second type. 
Compounds capable of forming liquid crystalline solutions have been known 
since the end of the nineteenth century. in the liquid crystalline state, these 
compounds manifest the structure of solids—they have molecular order and exhibit 
birefringence—while simultaneously retaining the flow characteristics of fluids. 
An essential requirement for liquid crystalline or mesomorphic behavior is 
that the molecule must be highly geometrically anisotropic, with the length of the 
molecular axis exceeding the width by a minimum factor. The system may pass 
through one or more mesophases before it is transformed into the isotropic liquid. 
These intermediate state transitions may be brought about by purely thermal 
processes (thermotropic mesomorphism) or through solvent-solute interactions 
(lyotropic mesomorphism).^ 
A well-known molecule that forms a liquid crystalline phase is 4,4'-dibutoxy- 
azobenzene which undergoes a thermotropic transition from a crystalline solid to 
an ordered liquid at 90° C. This state is maintained to 150° C where a second 
transition to an isotropic liquid occurs. 
3 
The anisotropic behavior of semi-rigid macromoiecules has frequently been 
theoretically modeled as a series of rigid rod like units connected by flexible 
19-21 joints. Other theories do not define directional changes in the semi-rigid 
22 23 rods. ’ The asymmetry of the rigid elements defined by the axial ratio X—the 
length to diameter ratio of the rod like elements—determines the mesomorphic 
capabilities of the semi-rigid polymers. An initial critical value of xc = 6.7 was 
approximated as the minimal value of x at which mesomorphicity could be 
24 observed in theromotropic systems. Recent papers examining the effects of 
flexible joints connecting rigid elements have determined thermotropic critical 
values of x as low as x„ = ^ 25-27 c 
As rod-like polymer molecules are dissolved, the concentration increases, and 
the saturation point for a random (isotropic) array is reached. At that point, the 
system may become a saturated solution with excess undissolved polymer, or if the 
12 28 29 solvent-polymer relationships allow, ’ ’ additional polymer may be dissolved 
by forming randomly oriented domains in which the polymer chains with solvent 
association approach an internally highly ordered parallel arrangment. These 
ordered regions are a liquid crystalline or mesomorphic state which form a phase 
incompatible with the isotropic region. 
Meta-disubstituted aromatic polyamides such as poly(l,3-phenyleneisophth- 
alamide) may be classified as stiff chain polyamides and because of their 
nonlinearity do not form liquid crystalline solutions. Para-oriented polyamides such 
as poiy(l,4-phenyleneterephthalamide) are classified as extended chain polyamides 
as their chain forming units are linked so as to extend the chain in the same 
12 direction with the amide bonds hypothetically in a transconfiguration. The 
linearity of the transconfiguration maximizes hydrogen bonding interactions 
between amide hydrogens and carbonyl oxygens on adjacent chains which contribute 
to parallel ordering of the rod-like chains under appropriate conditions. These 
polymers are characteristic of a new class of compounds that form mesomorphic or 
liquid crystalline solutions. 
Structures of some extended chain polyamides are shown in Fig. 1. They 
include 1,4-phenylene, 4,4'-biphenylene and trans-l,4-cyclohexylene^~^ which 
indicates that linearity in semi-rigid cycloaliphatic systems as well as in aromatic 
systems satisfies a basic requirement for formation of liquid crystalline solutions. 
In a review of high tensile/high modulus fibers, Black ^ discusses a number of 
high modulus fibers based on organic material existing in nature. Flax, jute, ramie 
and hemp fibers collectively exhibit a mean tensile modulus of approximately 500 
g/denier (gpd). High modulus fibers have been predicted since the earliest days of 
polymer chemistry and were based on calculations which inherently assumed the 
extended chain state for certain polymers. The lack of success in producing very 
high modulus synthetic fibers until recent years is indicative of the difficulties 
encountered in attainment of the extended chain state. 
High modulus synthetic fibers became a reality with the advent of rigid-chain 
polymers—particularly those containing aromatic rings with chain extending bonds 
separated by angles approximating 180 degrees. Calculations by Fieiding-Russell, 
3* 
cited by Black predict elastic moduli of about 900 gpd for meta-oriented 
aromatic polyamides and about 1500 gpd for para-oriented polyamides. Initial 
moduli of 1000 gpd have been observed for the para-oriented aromatic polyamide 
fibers of DuPont's Kevlar 







Optimization of criticai polymer and solvent parameters led to almost 
entirely anisotropic solutions of 1,4-phenyleneterephthalamide (Kevlar) which in 
turn generated fibers of such high tensile properties that they exceed those of steel 
36 
fiber in strength and modulus. The organic fibers are oriented and highly 
crystalline, decomposing without melting at T > 500° C. These thermoplastic 
properties coupled with the low density of the aramid fibers (1A5 g/cm ) led to a 
wide variety of applications, many of which had been previously reserved for 
metals. These applications include radial tire belting, ballistics protection 
garments, large diameter cables for structural support, and engineering thermo¬ 
plastics in aerospace systems. The value of reduced weight is very high since 
approximately 3 pounds of fuel and engine are required to raise 1 pound of pay-load 
in a commercial aircraft. This ratio is increased by approximately a factor of 
seven in a space vehicle where extended chain polyamides can be used in many 
nonstructural applications. 
Distinctive properties of extended chain aromatic polyamides include high 
crystallinity, a high degree of orientation, linear structures with angles approxi¬ 
mating 180° between iinkages, high melting points, high glass transition tempera¬ 
tures (Tg), low densities, high modulus and tensile properties, and low solubilities in 
organic and inorganic solvents. These properties are considered valuable for many 
product applications, but impose serious limitations in some instances on 
fabricating and processing techniques. The high melting temperatures of extended 
chain polyamides most often exceed the chemical decomposition temperatures 
which eliminate melt processing as an option. Low solubilities in organic and 
inorganic solvents reduce solvent options to concentrated sulfuric acid and 
dimethylacetamide -5% lithium chloride. 
7 
Attenuation of process or performance deficiencies of aramids while 
maintaining desirable properties has been accomplished through chemical 
modification. Various structural modifications, especially copolymerization and 
back-bone substitution offer routes to lower melting temperatures and enhanced 
solubilities. Early attempts to modify aramid structures by means of N-alkyl 
substitution for hydrogen produced melt processible polymers with higher 
solubilities, but no solution anisotropy was observed, and fiber properties were 
. 37,38 unimpressive. ’ 
Another approach to reducing polymer melting temperatures is the use of ring 
12 39-43 
substituents ’ or other structural modifications (Table 1) that disrupt the 
regularity of the polymer chain. Other appropriate types of chain disruption 
include bent rigid units (1,3-phenylenes), crankshaft rigid rods (2,6-napthylenes) or 
coplymerization of low levels of flexible units (sp^ backbone structures)^’ 
Substantial melting point depressions can be attained by judicious selection of 
monomers, ring substituents and copolymer monomer ratios. 
Modification by means of random copolymerization has been a traditional 
approach which results in an averaging of properties. Random copolymerization 
can vary property values between the limits established by the individual homopoly¬ 
mers. The glass transition temperature, for example, of a random copolymer is a 
function of the quantity of each monomer in the copolymer and the glass transition 
temperature characteristic of the homopolymer of each species. 
The general approach to optimizing the balance of properties within the 
constraints of the intended application involves adjustment of polymer composition 
until an acceptable balance of properties is attained. From a practical perspective, 
a system combining the ease of material handling associated with melt spinning 
8 
Table !• Structurai Modifications of Extended Chain Polymers. 
Description 
1. Aromatic Copolymers 
Model: Unsubstituted linear 
rigid chains 
Modifications: 
A. Crankshaft rigid chains 
B. Bent rigid chains 
C. Flexible chains 
D. Ring substituted homo and 
copolymers 




x = Cl, Br, CHj, <f> 
II. Aliphatic copolymers 
Model: Unsubstituted linear 
semi-rigid chains 
Modifications: 
A. Bent semi-rigid elements 
B. Flexible chains 
C. Ring substituted homo and 
copolymers 
D. Combinations of A-C 
x = Cl, Br, CH y $ 
III. Aliphatic/Aromatic copolymers 
Model: Unsubstituted linear 
semi-rigid chains 
9 
with extended chain morphology and high fiber properties derived from processing a 
iiquid crystalline polymer is expected to exhibit thermal properties compatible with 
the requirements of an industrial yarn. 
Block copolymerization opened wider vistas of possibilities in concepts for 
the design and control of polymer properties, since some homopoiymer properties 
could be maintained with little or no change in a block copolymer system. An 
added benefit of block copolymerization derives from new properties engendered by 
block copolymer morphology that are not characteristic of either of the individual 
homopolymers. 
Poly(trans-l,4-cyclohexylene-trans-l,4-cyclohexanedicarboxamide) and 
poly(l,4-phenyleneterephthalamide) project extended chain structures and form 
lyotropic liquid crystalline solutions. Block copolyamides formed from an extended 
chain homopolymer and a structurally modified nonlinear homopolymer are 
expected to retain some degree of liquid crystallinity, and exhibit modified ther¬ 
mal and mechanical properties and enchanced solubilities. Studies of lyotropic 
liquid crystalline systems have shown that a single isotropic phase containing two 
polymers may be prepared if either member could form an isotropic solution by 
hr? if. « 
itself. ’ Thermotropic polymers have been shown to form a single nematic 
phase with a chemically similar model compound when both substances are 
49 
nematogens with overlapping or proximal nematic temperature intervals. 
The objective of this research was synthesis of block copolyamides with an 
extended chain segment and a second segment of different structural character. 
The block copolyamides in some systems were expected to achieve material be¬ 
havior characteristic of both segments—liquid crystallinity, high modulus and 
10 
tensile properties for the linear block, and increased solubilities and lower melting 
temperatures for the structurally modified nonlinear block. A secondary objective 
was to determine which structurally modified nonlinear blocks could be pulled 
across the boundary of lyotropic anisotropy by an extended chain block into the 
domain of liquid crystallinity. 
The specific extended chain systems prepared in this work were poly(l,4- 
phenyleneterephthalamide) and poly(trans-l,^-cyclohexylene-trans-l,4-cyclohe- 
xanedicarboxamide). These low molecular weight homopolymers were chemically 
combined to form an extended chain block copolyamide. Other block copolyamides 
were prepared from an extended chain cycloaliphatic or aromatic homopolymer and 
a nonlinear cycloaliphatic or aromatic hompolymer. The nonlinear aliphatic 
homopolymers were formed from isomers of cyclohexanediamine and cyclohexane- 
dicarbonyl chloride. The nonlinear aromatic homopolymers were formed from 
terephthaloyl chloride and 2,6-diaminotoluene. 
With the exception of a completely aromatic block copolymer formed from 
poly(l,4-phenyleneterephthalamide) and poly(2-methyl-l,3-phenyleneterephtha- 
lamide) all other block copolymers prepared were composed of an aromatic rigid 
block and a more flexible semi-rigid cycloaliphatic block. 
EXPERIMENTAL 
Instrumentation 
Infrared spectra were generated by a Beckman Acculab 4 and a Beckman 4240 
spectrophotometer using KBr pellets and NaCl plates. Proton NMR spectra were 
obtained by means of a Varian EM360 spectrometer and by a Brucker 250 MHz 
NMR spectrometer from which carbon-13 spectra were also obtained. Monomer 
intermediate and monomer NMR spectra were run in CCl^, D2O or CDCly 
Polyamide spectra were run in concentrated D2SO^. 
Inherent viscosity values, n . . , were determined at a polymer concentration 
of 0.50 g/dL in 98% sulfuric acid with a Cannon-Fenske viscometer at 30° C. 
Inherent viscosity values were expressed in deciliters per gram. h. , = 
ln(nrei>/C, where hrej is the relative viscosity and c is the concentration in grams 
, 50,51 per deciliter. 
Glass transition temperatures (Tg) and melting temperatures (Tm) were 
determined on a DuPont 990 Thermal Analyzer equipped with a DuPont 910 
Differential Scanning Calorimeter module. 
Reagents 
Methylene chloride (Fisher Scientific Company) was rough dried by filtration 
through anhydrous sodium sulfate and stored over type 4A molecular sieves 
(Davison). Chloroform (Fisher Scientific Company) was washed five times with 
water to remove the alcohol stabilizer, rough dried by filtration through anhydrous 
11 
12 
Na2SO^ and stored over molecular sieves. N,N-dimethylacetamide (DMAC) (Fisher 
Scientific Company) was stirred for six hours with a few crystals of isophthaloyl 
chloride to remove any N,N-dimethylformamide (DMF) suspected as a polymeriza¬ 
tion complicating impurity.^ After six hours the DMAC was stirred for 24 hours 
over CaO and distilled under a dry nitrogen atmosphere. The fraction boiling at 
164-166° C (ambient pressure) was collected and stored over molecular sieves. 
Triethylamine (Fisher Scientific Company) was freed of water and amine impurities 
by stirring over calcium oxide and subsequent distillation under a dry nitrogen 
atmosphere and collecting the fraction boiling at 88° C (ambient pressure). Diethyl 
ether (Fisher Scientific Company) was dried by storage over calcium hydride. 
Lithium chloride (Fisher Scientific Company) was dried under vacuum in an 
Abderhalden apparatus at 110° C using ^2^5 as a drying agent. Sodium carbonate 
(Fisher Scientific Company) was used without further purification. 
Monomer Preparation and Purification 
Terephthaloyl chloride was purified by distillation at reduced pressure (142- 
147° C at 3 mm) followed by recrystallization from dry hexane as a white crystalline 
solid (m.p. 83-84° C). Purification of p-phenylenediamine (Aldrich, 99+% pure) and 
2,6-diaminotoluene (Dottikon) was accomplished by sublimation. Pale violet 
crystals of p-phenylenediamine sublimed at 4 mm to form a white powdery product 
(m.p. 140° C). Dark violet crystals of 2,6-diaminotoluene sublimed (4 mm) to form 
long white needles (m.p. 106° C). 
52 53 54 55 The Hofmann rearrangement ’ and the Schmidt reaction ’ were 
employed in synthesizing trans-l,4-cyclohexanediamine from trans-l,4-cyclohe- 
xanedicarboxylic acid. 
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Trans-l,4-Cyclohexanediamine (Hofmann Procedure)-Thlonyl (30 mL; 0.42 
mole) chloride was added to 30 g (0.17 mole) of trans-l,4-cyclohexanedicarboxylic 
acid in a 250 ml flask and the stirred mixture was heated overnight at reflux. 
Excess thionyl chloride was removed by distillation at reduced pressure. The 
resulting trans-l,4-cyclohexanedicarbonylchloride was slowly poured in the liquid 
state into a stirred solution of concentrated ammonium hydroxide maintained at 0° 
C. Trans-l,4-cyclohexanediamide precipitated as a white solid. 
The mixture was heated to dryness at reduced pressure and the white solid 
diamide recrystallized from a 50/50 ethanol/water mixture. The dried diamide, 
(7.1 g) was added to a solution of NaOBr that had been prepared by the addition of 
17.1 g (0.43 mol) of NaOH to 72 ml h^O, followed by the dropwise addition of 16 g 
(0.10 mol) of bromine to the stirred solution maintained at 0° C for two hours. As 
the temperature was slowly increased, gas evolution became significant in the 35- 
40° C range. After heating the solution at 50° C at ambient pressure for two 
hours, water and trans-l,4-cyclohexanediamine were distilled at reduced pressure. 
The distilling flask was heated to dryness, the aqueous amine distillate was 
acidified with concentrated HC1 and the volume of the solution reduced by 75%. 
Three volumes of ethanol were added to the solution resulting in crystallization of 
small sharp needles of trans-l,4-cyclohexanediaminedihydrochloride. Filtration and 
drying yielded 10.0 g (31% yield) of the amine salt. A 100 ml volume of water was 
added to the contents of the dry distilling flask, and the stirred mixture again 
heated to dryness under reduced pressure. After acidification, crystallization, and 
drying 3 g (9% yield) of diamine salt were obtained. A third repetition of the 
distillation procedure yielded 1 g of diamine salt. The total yield was 14.0 g (44% 
of the theoretical). Trans-l,4-cyclohexanediamine was obtained by dry distillation 
of 10 g (0.50 mole) of trans-l,4-cyclohexanediaminedihydrochloride with 10 g of 
KOH. The diamine which distilled with by-product I-^O at 116° C at 18 mm was 
dissolved in previously dried hexane and dried overnight over anhydrous sodium 
sulfate. Filtration of the solution and evaporation of the solvent resulted in the 
isolation of 5.5 g of white amorphous crystals having an amine odor m.p. 56-58°. 
Trans-l,4-Diaminocyclohexane (Schmidt Reaction)-A 38 g (0.59 mole) quantity of 
sodium azide was added to a 2-L three-necked flask containing a stirred mixture of 
400 ml of chloroform and 160 ml of concentrated maintained at 10° C. 
After 20 min, 50 g (0.29 mole) of trans-l,4-cyclohexanedicarboxylic acid was added 
and the mixture stirred for 1.5 hr at 15° C and then for 6 hr at 50° C until 
evolution of nitrogen had ceased. After slight cooling, the contents of the flask 
were mixed with 600 ml of ethanol containing 20 ml of concentrated sulfuric acid. 
The solution was cooled and the solid diamine dihydrogen sulfate salt was filtered, 
washed with acetone and air dried. 
Free diamine was liberated from the salt by reaction with an equal weight of 
KOH pellets and dry distillation of the mixture under reduced pressure. The 
diamine was distilled and condensed with water liberated from the neutralization 
reaction. Ambient pressure distillation of the aqueous mixture resulted in pure 
cyclohexanediamine (bp 196° C) condensing as a colorless oily liquid that 
subsequently solidified as 16.4 g (49%) of a brittle white crystalline mass. 
Trans-l,2-Diaminocyclohexane (Schmidt Procedure)-To a mixture of 160 ml of 
concentrated and 400 ml of chloroform maintained at 10° C in a 2-L 
three-necked flask equipped with a mechanical stirrer and reflux condenser was 
added 38.0 g (0.59 mole) of sodium azide followed in 15 min by 50.0 g (0.29 mole) 
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of trans-l,2-cyclohexanedicarboxylic acid. The mixture was stirred for 1.5 hr at 
15° C and then for 6 hr at 50° C until nitrogen evolution was no longer observed. A 
mixture of 500 ml of ethanol and 30 ml of concentrated was introduced 
slowly to precipitate the diaminedihydrosulfate salt. The salt was filtered, washed 
with acetone and air dried. Dry distillation at reduced pressure of the reaction 
product of the diaminedihydrosulfate salt and an equal weight of KOH pellets 
generated a clear oily liquid that condensed and was collected as an aqueous amine 
solution. Ambient pressure distillation of the aqueous mixture produced 5.2 g 
(7.8%) of a clear oily liquid (bp 116° C). 
Trans-l,fr-Cyclohexanedicarbonyl Chloride-Into a 250 ml three-necked flask equip¬ 
ped with a reflux condenser and calcium chloride drying tube, a thermometer and a 
dropping funnel was introduced 30 g (0.17 mole) of trans-l,4-cyclohexanedicarboxy- 
lic acid. Thionyl chloride (30 ml; 0A2 mole) was added and the stirred solution 
heated at reflux overnight. Excess thionyl chloride was removed by distillation at 
reduced pressure (5 mm) and the product was recrystallized from dry hexane to 
produce white, pungent needles (m.p. 69-71° C). 
A second method of preparing the acid chloride from trans-l,4-cyclohexane- 
dicarboxylic acid involved reaction with phosphorous pentachloride. A mixture of 
25.0 g (0.16 mole) of dicarboxylic acid, 65.0 g (0.31 mole) of phosphorous 
pentachloride and 30 ml of diethyl ether (previously dried over calcium hydride) 
was heated with stirring at reflux for 5 hr. After the solution had cooled to 
ambient temperature, the unreacted dicarboxylic acid was removed by filtration 
and the acid chloride solution subjected to distillation at reduced pressure (10 mm). 
The diethyl ether distilled at 15° C and phosphorus oxychloride at 35° C. Pungent 
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crystalline needles of acid chloride were recrystallized from dry hexane (m.p. 69- 
71° C). Hexane was removed by vacuum distillation at ambient temperature. 
Cis,trans-l,fr-Cyclohexanedicarbonyl Chloride-A mixture of cis and trans isomers 
of 1,4-cyclohexanedicarbonyl chloride (5-CDC) was prepared by distilling trans-1,4- 
cyclohexanedicarbonyl chloride at reflux or distilling at 140° C at 2 mm pressure. 
Reaction of cis,trans-l,4-cyclohexanedicarboxylic acid with thionyl chloride 
generated only trans-l,4-cyclohexanedicarbonyl chloride. 
Preparation of the Aliphatic and Aromatic Blocks 
Each individual aliphatic and aromatic block was synthesized to facilitate 
coupling with a second block to form block copolyamides. This was accomplished 
by introducing a 10% excess of diamine in one polyamide (normally the aliphatic 
block) to ensure a preponderance of diamino end groups and a 10% excess of diacid 
chloride in the second polyamide (normally the aromatic block) to ensure acid 
chloride groups. Mixing of the two blocks was then expected to produce block 
copolymerization. The formation of diamino end groups in the aliphatic block was 
especially important in the procedure where the aliphatic block was prepared 
interfacially, then filtered, washed and dried prior to homogeneous addition to an 
aromatic block with diacid chloride end groups. Acid chloride end groups in the 
interfacially prepared aliphatic block would gradually be hydrolyzed to carboxylic 
acid end groups under these conditions and preclude further polymerization. 
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Preparation of Poly(trans-l,4-cyclohexylene-trans- 
1,4-cyclohexanedicarboxamide) (ALI-1) 
Homogeneous Polycondensation-Into a 250 ml three-necked flask equipped with a 
mechanical stirrer, a thermometer and a dropping funnel was introduced 2.52 g 
(0.022 mole) of trans-l,4-cyclohexanediamine, 1.93 g of lithium chloride, 5.65 ml of 
triethylamine and 36 ml of N,N-dimethylacetamide. (In earlier experiments a 1:1 
chloroform: N,N-dimethylacetamide mixture was used as solvent.) A 4.16 g (0.022 
mole) quantity of trans-l,4-cyclohexanedicarbonyl chloride was dissolved in 15 ml 
of N,N-dimethylacetamide and added from a dropping funnel in 5 ml increments 
over a period of 20 min to the stirred diamine mixture maintained at a temperature 
< 10° C. The mixture in the reaction flask changed immediately from a colorless 
solution to an opaque white slurry as polyamide was formed. After 30 min, 10 ml 
of the mixture were removed for characterization, stirred with petroleum ether, 
quenched with water, washed with acetone and dried in a vacuum oven at 180° C 
for 24 hr. 
The remaining polymer mixture was used to prepare block copolyamide. 
9 12 Interfacial Polycondensation ’ -A solution of 4.4 g (0.038 mole) of trans-1,4- 
cyclohexanediamine and 7.9 g of sodium carbonate in 386 ml of was stirred 
vigorously in a three-necked flask equipped with a mechanical stirrer. A solution 
of 7.2 g (0.034 mole) of trans-l,4-cyclohexanedicarbonyl chloride in 77 ml of 
methylene chloride was added as rapidly as possible. After the reaction mixture 
was stirred for 40 min, the white oligomer was isolated by filtration, washed 
several times with water, twice with acetone, and then dried overnight in a vacuum 
oven at 170° C. 
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After drying, the aliphatic oligomer (8.1 g) was used to prepare block 
copolyamide. 
Preparation of PoIy(trans-l,4-cyclohexylene-cis,trans- 
1,4-cyclohexanedicarboxamide) (ALI-2) 
In ter facial Polycondensation-A 5.8 g (0.051 mole) quantity of trans-l,4-cyclohe- 
xanediamine and 14.4 g of sodium carbonate were dissolved in 520 ml of in a 
2-L three-necked flask equipped with a reflux condenser and a mechanical stirrer. 
A solution of 9.3 g (0.045 mole) of cis,trans-l,4-cyclohexanedicarbonyl chloride in 
98 ml methylene chloride was added as rapidly as possible to the vigorously stirred 
aqueous solution, resulting in immediate formation of a white polyamide. The 
mixture was stirred at ambient temperature for twelve hours, filtered, washed with 
water, then acetone and dried overnight in a vacuum oven at 170° C. After drying, 
the aliphatic oligomer (11.2 g) was used to prepare block copolyamide. 
Interfacial Polymerization Using Diaminedihydrochloride-A solution of 8.8 g (0.042 
mole) of trans-l,4-cyciohexanediaminedihydrochloride and 3.0 g of lithium chloride 
in 363 ml of water was vigorously stirred in a 1-L three-necked flask equipped with 
a mechanical stirrer and a thermometer. A 12 ml volume of triethylamine was 
added as an acid acceptor, followed by rapid addition of 8.6 g (0.075 mole) of 
cis,trans-l,4-cyclohexanedicarbonyl chloride dissolved in 92 ml of methylene 
chloride. The mixture was stirred at ambient temperature for 40 min, then filtered 
and washed with water followed by acetone. The white polyamide was dried in 
overnight in a vacuum oven at 160° C resulting in the isolation of 2.6 g of ALI-2. 
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Preparation of Poly(trans-l,2-cyclohexylene-trans-l,4-cyclohexanedicarboxamide) 
(ALI-3)-A solution of 1.71 g (0.015 mole) of trans-l,2-cyclohexanediamine and 4.38 
g of sodium carbonate in 150 ml of was stirred vigorously in a 1-L three¬ 
necked flask equipped with a mechanical stirrer and a reflux condenser. After a 
solution of 2.82 g (0.013 mole) of trans-l,4-cyclohexanedicarbonyl chloride 
dissolved in 31 ml of methylene chloride was added rapidly, a white polyamide 
formed. After stirring the reaction mixture for 8 hr, the oligomer was isolated by 
filtration, washed several times with water, twice with acetone and then dried 
overnight in a vacuum oven at 170° C. After drying, the aliphatic oligomer (3.1 g) 
was used to prepare block copolyamide. 
Preparation of Poly(l,4-phenyleneterephthalamide) (ARO-1) 
Homogeneous Polymerization-A 2.16 g (0.020 mole) quantity of 1,4-phenylene- 
diamine, 1.93 g of lithium chloride, 5.65 ml of triethylamine and 36 ml of a 60:40 
N,N-dimethylacetamide: chloroform mixture (N,N-dimethylacetamide alone was 
used as solvent in later experiments) were dissolved in a 260 ml three-necked flask 
equipped with a mechanical stirrer, a thermometer and a dropping funnel. A 4.46 g 
(0.022 mole) quantity of terephthaloyl chloride was dissolved in 15 ml of N,N- 
dimethylacetamide: chloroform and placed in a dropping funnel. The acid chloride 
was added in 5 ml increments over 20-25 min to the stirred diamine mixture that 
was initially maintained at temperatures of less than 10° C in a methanol/dry ice 
bath. A noticeable exotherm was observed on mixing and the yellow oligomer 
became extremely viscous. After 30 min a sample was removed for characteriza¬ 
tion, quenched with water, washed with acetone and dried overnight in a vacuum 
oven at 180° C. 
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The aromatic oligomer solution was used for preparation of the block 
copolyamide. 
Interfacial Polymerization-In a 1-L three-necked flask equipped with a mechanical 
stirrer, a thermometer and a dropping funnel was mixed 4.0 g (0.037 mole) of p- 
phenylenediamine, 9.0 g of sodium carbonate and 380 ml of h^O. To the vigorously 
stirred aqueous phase was added as rapidly as possible 8.24 g (0.041 mole) of 
terephthaloyl chloride dissolved in 76 ml of methylene chloride. A yellow 
polyamide formed immediately upon addition of the acid chloride. Samples were 
removed and quenched at intervals for purposes of characterization. The 
polaymide was dried overnight at 180° C in a vacuum oven resulting in the isolation 
of 8.1 g of ARO-1. 
Preparation of Poly(2-methyl-l,3-phenyleneterephthalamide) (ARO-2) 
Method 1. Homogeneous Polycondensation-A 1.75 g (0.014 mole) quantity of 2,6- 
diaminotoluene, 1.46 g of lithium chloride, 4.23 ml of triethylamine and 17 ml of 
N,N-dimethylacetamide were stirred to form a solution in a 250 ml three-necked 
flask equipped with a mechanical stirrer, a thermometer and a dropping funnel. 
The reaction flask was immersed in a methanol/ice water bath to maintain the 
temperature at <10° C. A 3.28 g (0.016 mole) quantity of terephthaloyl chloride 
dissolved in 10 ml of methylene chloride was added to the reaction flask in 3 mi 
increments from the dropping funnel over a period of 20 min resulting in the 
formation of a pale green solution. After 40 min, the reaction mixture gelled into 
a pale green lump that reformed a solution after removal of the methanol/ice bath. 
The solution was stirred for three hours at ambient temperature, a sample removed 
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and quenched with hot water for characterization, and the remaining aromatic 
oligomer solution used in preparation of block copolyamide. 
Method 2. Interfacial Polycondensation-A solution of 4.0 g (0.032 mole) of 2,6- 
diaminotoluene, 9.0 g of sodium carbonate and 345 ml of was formed in a 1-L 
three-necked flask equipped with a mechanical stirrer and a reflux condenser. A 
second solution of 7.42 g (0.037 mole) of terephthaloyl chloride in 69 ml of 
methylene chloride was added rapidly to the vigorously stirred mixture resulting in 
immediate formation of a white polyamide. Samples were taken at 10, 40 and 180 
min quenched with hot water, dried in a vacuum oven and the inherent viscosities 
of the various samples determined. The total polymer weight after drying was 7.4 
g (81% yield). 
Preparation of Poly(trans-l,4-cyclohexylene-trcins-l,4-cyclohexane- 
dicarboxamide: 1,4-phenyleneterephthalamide) (BLC-1) 
Method 1 -The aliphatic polyamide (ALI-1) and the aromatic polyamide (ARO-1) 
were both prepared by homogeneous polycondensation reactions occurring simul¬ 
taneously in separate 500 mi reaction flasks. After removing a sample from each 
flask for oligomer characterization, the contents of the aliphatic reaction flask (4.6 
g of polyamide) were transferred into the aromatic reaction flask (4.6 g of 
polyamide) and stirred at 10° C for 6 hr under a dry nitrogen atmosphere or an 
atmosphere where moisture was excluded by a drying tube. 
At the termination of the reaction, the block copolyamide was stirred with 
petroleum ether to generate a fibrous texture, then filtered and washed several 
times with water and twice with acetone. An alternative procedure entailed 
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washing with water, dilute HC1, dilute NaOH, ethanol, and acetone. The block 
copolyamide was then dried at 180° C in a vacuum oven for 16 hr. A 7.1 g (77% 
yield) quantity of copolyamide was collected. 
Method 2- The aliphatic polyamide (ALI-1) was prepared by an interfacial poly¬ 
condensation reaction, filtered and dried prior to polycondensation of the aromatic 
amide (ARO-1) which was subsequently prepared by homogeneous polycondensation. 
After removal of a sample of ARO-1 for characterization, leaving 4.1 g in the 500 
ml flask, a 4.0 g quantity of ALI-1 was introduced into the reaction flask 
accompanied by 3.4 g of lithium chloride, 3.1 g of triethylamine and 150.0 g of 
N,N-dimethylacetamide. After mixing the two oligomer solutions the mixture was 
stirred for a period of 8 hr at 10° under an argon atmosphere or an atmosphere 
where moisture was excluded by a drying tube. 
When the reaction was completed, the block copolyamide was stirred with 
petroleum ether, filtered, washed with water then acetone (or by the alternative 
washing procedure) and dried at 180° C in a vacuum oven for 16 hr. The weight of 
the copolyamide after drying was 7.2 g. 
Method 3-The aliphatic polyamide (ALI-1) and the aromatic polyamide (ARO-1) 
were both prepared by interfacial polycondensation reactions occurring simul¬ 
taneously in separate reaction vessels. A 3.6 g (0.032 mole) quantity of trans-1,4- 
diaminocyclohexane and 9.0 g of sodium carbonate dissolved in 340 ml of l-^O in a 
1000 ml flask was polymerized for 30 min with 6.02 g (0.029 mole) of trans-1,4- 
cyclohexanedicarbonyl chloride dissolved in 70 ml of methylene chloride at 25° C. 
Simultaneously, in a 2000 ml flask, a 3.13 g (0.029 mole) quantity of p- 
phenylenediamine and 9.0 g of sodium carbonate dissolved in 340 ml of water was 
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polymerized for 30 min at 25° with 6.50 g (0.032 mole) of terephthaloyl chloride 
dissolved in 70 ml of methylene chloride. After withdrawing a sample for oligomer 
characterization from each flask, the two polymer solutions were mixed. A 140 ml 
volume of methylene chloride and 18.0 g of sodium carbonate were added to the 
rapidly stirred mixture, and the polymerization was allowed to continue for 8 hr. 
The yellow block copolymer was then quenched with hot water, filtered, washed 
twice with acetone, and dried overnight at 180° in a vacuum oven. The block 
copolyamide (10.8 g) was collected after drying. 
Preparation of Poly(trans-l,4-cyclohexylene-cis,trans-l,4-cyclohexanedicarbox- 
amide: 1,4-phenyleneterephthalamide) (BLC-2)-The aliphatic polyamide (ALI-2) 
was prepared by an interfacial polycondensation reaction, then filtered, washed and 
dried prior to polycondensation with the aromatic polyamide (ARO-1) which was 
prepared in a 500 ml flask by homogeneous polycondensation of 1.09 g (0.010 mole) 
of p-phenylenediamine, 2.28 g (0.011 mole) of terephthaloyl chloride, 2.82 ml of 
triethylamine, 0.96 g of lithium chloride and 42 ml of N,N-dimethylacetamide. 
After removal of an ARO-1 sample for characterization, an equimolar quantity (2.3 
g) of ALI-2, 2.52 ml of triethy la mine, 0.86 g of lithium chloride and 38 ml of N,N- 
dimethylacetamide was added to the reaction flask containing the aromatic 
oligomer. 
After mixing the two oligomers the solution was stirred for 24 hr under a dry 
nitrogen atmosphere or under an atmosphere where moisture was excluded by a 
drying tube. The reaction was terminated by stirring the block copolyamide with 
petroleum ether, and the copolyamide was collected by filtration and washing twice 
with hot water and acetone. The block copolyamide was dried overnight at 180° C 
in a vacuum oven. The weight of dry polyamide collected was 4.0 g. 
Preparation of Poly(trans-l,4-cyclohexylene-trans-l,4-cyclohexanedicarboxamide): 
2-methyl-1,3-phenyieneterephthalamide (BLC-3)-An inter facial procedure was 
used to prepare the aliphatic polyamide (ALI-1) which was filtered, washed and 
dried prior to homogeneous polycondensation with the aromatic oligomer (ARO-2). 
A 1.75 g (0.014 mole) quantity of 2,6-diaminotoluene, 3.28 g (0.016 mole) of 
terephthaloyl chloride, 4.23 ml of triethylamine, 1.46 g of lithium chloride, and 27 
ml of N,N-dimethylacetamide were polymerized for 30 min at 10° C in a 250 mi 
flask. After removal of an ARO-2 sample for characterization, an equimolar 
quantity (3.0 g) of ALI-2, 24 ml of N,N-dimethylacetamide, 1.3 g of lithium 
chloride and 3.8 ml of triethylamine were added to the reaction flask containing 
the aromatic oligomer. 
After mixing the two oligomers the solution was stirred for 10 hr under a dry 
nitrogen atmosphere. After 10 hr the reaction was terminated by stirring the block 
copolyamide with petroleum ether, the copolyamide was collected by filtration and 
washed twice with hot water, and acetone. The block copolyamide was dried 
overnight at 180° C in a vacuum oven. A 5.8 g quantity of the dry copolyamide was 
collected. 
Preparation of Poly(trans-l,4-cyclohexylene-cis,trans-l,4-cyclohexanedicarbox- 
amide: 2-methyl-l,3-phenyleneterephthalamide) (BLC-4)-The aromatic oligomer 
(ARO-2) was prepared by the homogeneous polycondensation of 1.75 g (0.014 mole) 
of 2,6-diaminotoluene, 3.28 g (0.016 mole) of terephthaloyl chloride, 4.23 ml of 
triethylamine, 1.46 g of lithium chloride and 32 ml of N,N-dimethylacetamide in a 
250 ml flask. After allowing the mixture to react for 3 hr, and withdrawing a 4 ml 
sample for characterization, a 4.0 g quantity of a previously interfacially prepared 
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and dried sample of aliphatic polyamide (ALI-2) was added to the reaction flask 
containing the aromatic polyamide. A 1.3 g quantity of lithium chloride, 3.8 ml of 
triethylamine and 24 ml of N,N-dimethylacetamide were also added to the reaction 
flask and the mixture was stirred for 24 hr under a dry nitrogen atmosphere. The 
reaction was terminated by adding petroleum ether to the reaction mixture with 
stirring. The precipitate was filtered and washed with hot water and acetone. The 
block copolyamide was dried overnight at 180° C in a vacuum oven. A 7.1 g 
quantity of the copolyamide was collected. 
Preparation of Poly(trans-l,2-cyclohexylene-trans-l,4-cyclohexanedicarboxamide: 
1,4-phenyleneterephthalamide) (BLC-5)-Homogeneous polycondensation was used to 
prepare the aromatic polyamide (ARO-1) by reaction of 1.09 g (0.010 mole) of p- 
phenylenediamine, 2.28 g (0.011 mole) of terephthaloyl chloride, 2.8 ml of 
triethylamine, 0.96 g of lithium chloride and 42 ml of N,N-dimethylacetamide in a 
250 ml flask at 10° C. After 30 min the reaction mixture had solidified. After 
removing a 5 ml sample for characterization, 2.86 g of triethylamine, 0.96 g of 
lithium chloride, 42 ml of N,N-dimethylacetamide and a 2 g quantity of previously 
interfacially prepared and dried aliphatic polyamide (ALI-3) were added to the 
reaction flask containing the aromatic polyamide solution. 
The mixture was stirred at ambient temperature under a nitrogen atmosphere 
for three days. Polymerization was quenched by the addition of petroleum ether 
with stirring. The precipitate was filtered and washed twice with hot water and 
twice with acetone. The block copolyamide was dried by heating overnight in a 
vacuum oven at 180° C, resulting in the isolation of 2.9 g of BLC-5. 
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Preparation of Poly(2-methyl-l,3-phenyleneterephthalamide; 1,4-phenylenetere- 
phthalamide) (BLC-6)-Both aromatic blocks were prepared by homogeneous poly¬ 
condensation. ARO-2 was formed by the reaction in a 500 ml flask of 1.75 g (0.014 
mole) of 2,6-diaminotoluene, 3.28 g (0.016 mole) of terephthaloyl chloride, 4.23 ml 
of triethylamine, 1.46 g of lithium chloride and 62 ml of N,N-dimethylacetamide at 
10° C. After 40 min the reaction mixture had formed a viscous gel. The 
methanol/ice bath was removed and the mixture which subsequently became more 
fluid was stirred under an inert atmosphere for 24 hr. The second aromatic block 
(ARO-1) was formed by reacting 1.75 g (0.016 mole) of p-phenylenediamine, 2.94 g 
(0.014 mole) of terephthaloyl chloride, 4.23 ml of triethylamine, 1.46 g of lithium 
chloride and 62 ml of N,N-dimethylacetamide in a 500 ml flask under a nitrogen 
atmosphere at 10° C for 30 min. 
Characterization was accomplished by removal of 7 mL of each polyamide 
solution which was then stirred with petroleum ether, filtered quenched with hot 
water, washed with acetone and dried overnight in a vacuum oven at 180° C. The 
remaining polymer solutions were mixed and stirred under a nitrogen atmosphere 
for two days. The block copolymer reaction mixture was quenched and the 
precipitate was dried in the same manner as the aromatic oligomers. A 6.2 g 
quantity of the copolyamide was collected. 
Sturctures for the homopolymers and block copolymers are delineated in Fig. 
2-8, pages 27-33) . 
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Fig. 3. Preparation of poly[ trans-l,4-cyclohexylene-trans-l,4-cyclohexanedicar- 










Fig, ij. Preparation of poly[cis-trans-l,4-cyclohexylene-trans-l,4-cyclohexanedicarboxamide- 
1,4-phenyleneterephthalamide ]. 
DMAC (2H5)3N UC1 
Fig. 5. Preparation of polyt trans-l,4-cyclohexylene-trans-l,<l-cyclohexanedicarboxamidej ?- 
methyl-1,3-phenyleneterephthalamide] } BLC-3. 
ALI-2 







Fig. 6. Preparation of poly [trans-l,4-cyclohexylene-cis-trans-l,4-cyclohexanedicarboxamide: 
methyl-l,3-phenyleneterephthalamide] . 
ALI-3 ARO-1 
Fig. 7. Preparation of poly [trans-l,2-cyclohexylene-trans-l,4-cyclohexanedicarboxamide: 1,4- 
phenyleneterephthalamide J. 




DMAC (C2H5)3N LiCl M CHj H 0 /—"\ O H /—\ H Û y   
BLC-6 
Fig. 8. Preparation of polyt 2-methyl-l,3-phenylene-M-terephthalamide: 1,4-phenylenetereph- 
thalamide] . 
RESULTS AND DISCUSSION 
Characterization 
Infrared spectra of the monomers, the aliphatic and aromatic blocks and the 
13 block copolymers were obtained with KBr pellets. C nmr spectra were obtained 
in concentrated ^SO^ at a concentration of 0.4 g polymer/ml h^SO^. *H nmr 
spectra for the polymers were obtained in concentrated D2SO^ at a concentration 
of 0.2 g polymer/mL D2SO^. Tetramethylsilane (TMS) and deuterated chloroform 
13 placed in a coaxial insert were used as external reference standards for C 
spectra. Coaxially inserted TMS and hexadeuterodimethylsulfoxide were used as 
reference standards for *H spectra. 
13 1 The infrared spectra, C nmr and H nmr spectra of the monomers, aliphatic 
blocks, aromatic blocks and block copolymers are consistent with the proposed 
structures. 
Inherent viscosities were determined with a Cannon-Fenske viscometer in a 
30° C bath at concentrations of 0.5 g polymer/dL 98% I-^SO^. 
Properties of Trans-l,4-cyclohexanediamine 
Infrared Analysis-The infrared spectra (Table 2) of the diamine prepared by the 
Hofmann and Schmidt reactions showed identical absorptions at 3310, 3250 
(asymmetric and symmetric stretching vibrations of the -N^ group); 2910, 2900, 
2840 (C-H stretching vibrations); 1560 (-NH2 scissoring deformation, methylene 
bending deformations) and 1450 (-NH^ twisting vibrations) cm-*. 
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Table 2. Infrared Absorptions of Trans-1,4-cyclohexanediamine (5-CDA); Trans-1,2-cyclohexane- 
diamine (3-CDA); Trans-1,4-cyclohexanedicarbonyl Chloride (t-CDC) and Cis, trans-1,4-cyclohexane- 













3310 3280 3560 3540 
3250 3210 2940 2940 
2970 2960 2890 2880 
2950 2920 2860 2850 
2830 1560 2400 2400 
1560 1460 2360 2350 
1440 1440 2230 2210 
1360 1250 2040 1900 
1330 1100 1910 1785 
1270 1070 1780 1440 
1240 1030 1435 1390 
1220 1360 1360 
1075 1330 1310 
1000 1310 1270 










Nuclear Magnetic Resonance Analysis-The spectrum (Fig. 9) of the diamine was 
taken in deuterium oxide at ambient temperature. Trans-l,4-cyclohexanediamine, 
an system showed absorptions at the following ppm values: a doublet at 
<5 1.22 and 1.38 due to axial methylene protons, a doublet at 6 1.90 and 1.99 due to 
equatorial methylene protons, a multiplet at 6 2.7 attributed to methine protons. 
Second order splittings showed doublets at 5 1.05 and 1.10 and 61.54 and 1.67 ppm. 
The first order axial doublet showed a coupling constant of 10 cps, the first order 
equatorial doublet 6 cps, the second order high field doublet 4 cps and the second 
order low field doublet 8 cps. The ring proton splitting pattern and coupling 
constants are characteristic of trans-l,4-disubstituted cyclohexanes, with the 2.7 
methine absorption characteristic of a methine proton on a carbon a to an amino 
group. The absorption was observed at 4.75 ppm. Amine protons are rapidly 
exchanged and are not observed in D2O. 
Properties of Trans-l,2-cyclohexanediamine 
Infrared Analysis-The infrared spectrum (Table 2) of the diamine showed 
absorptions at 3380 and 3280 (asymmetric and symmetric stretching vibrations of 
the -NH2 group); 2960, 2920, 2850 (C-H stretching vibrations) and a broad band 
between 1700 and 1500 cm"^ attributed to a combination of -NH2 scissoring 
deformations and methylene bending deformations. 
Nuclear Magnetic Resonance Analysis-The spectrum of the diamine (Fig. 10) 
was taken in D2O at ambient temperature. Trans-l,2-cyclohexanediamine, an 
^2^2^2D2^2 system> showed absorptions at the following ppm values: a complex 
doublet at 61.10 and 1.24 attributed to axial methylene protons, a complex doublet 
37 
Fig. 9. *H nmr spectrum of trans-1,4-cyclohexanediamine. 
38 
i H nmr spectrum of trans-l,2-cyclohexanediamine. 
39 
at 6 1.60 and 1.68 attributed to equatorial methylene protons and a complex multi¬ 
plet at 2.2 ppm attributed to methine protons. Distinguishable second and higher 
order splittings occurred at 6 1.37 and 1.4 and 61.9 and 2.03. The pattern 
observed is characteristic of trans-l,2-disubstituted cyclohexanes. The first order 
axial doublet showed a coupling constant of 8 cps and the first order equatorial 
doublet showed a coupling constant at 4 cps. The absorption at 4.65 ppm was 
attributed to I^O. 
Properties of Trans-l,4-cyclohexanedicarbonyl Chloride 
Infrared Analysis-The infrared spectrum of the diacid chloride showed absorptions 
(Table 2) at 3560; 2940, 2890, 2860 (C-H stretching vibrations); 1900, 1785 (C=0 
stretch characteristic of acid chlorides) and 1440, 1390, 1330, 1310 (CH2 bending 
deformations) cm-*. 
Nuclear Magnetic Resonance Analysis-The *H nmr spectrum (Fig. 11) of the diacid 
chloride was obtained with deuterated chloroform as the solvent. Trans-l,4-cyclo- 
hexanedicarbonyl chloride showed the splitting pattern characteristic of a trans- 
1,4-disubstituted cyclohexane ring—a first order complex doublet attributed to 
axial methylene protons at 6 1.54 and 1.73 ppm, a first order complex doublet 
attributed to equatorial methylene protons at 6 2.23 and 2.36 ppm with second 
order splitting doublets at 61.36 and 1.42 ppm and at 6 1.79 and 1.86 ppm. 
Methine protons were observed at 6 2.58 and 2.73 ppm, and a second order single 
absorption at 61.90 ppm. 
Properties of Cis,trans-l,4-cyclohexanedicarbonyi Chloride 
Infrared Analysis-The infrared spectrum of the diacid chloride showed absorptions 
(Table 2) at 3540; 2940, 2880, 2850 (C-H stretching vibrations); 1900, 1785 (C=0 
40 
Fig. 11. nmr spectrum of trans-l,^-cyclohexanedicarbonyl chloride. 
stretch characteristic of carboxyiic acid chlorides); and 1440, 1390, 1310 (CH2 
bending deformations) cm-*. 
Nuclear Magnetic Resonance Analysis-The *H nmr spectrum (Fig. 12) of the 
diacid chloride was obtained with deuterated chloroform as the solvent. Cis,trans- 
1,4-cyclohexanedicarbonyl chloride showed intense absorptions at 61.93, 1.99 and 
2.03 ppm as well as absorptions characteristic of a trans-l,4-disubstituted 
cyclohexane ring. Two first order splitting complex doublets were observed at 
<S 1.58 and 1.76 ppm (axial methylene protons) and at 6 2.28 and 2.38 ppm 
(equatorial methylene protons) one second order doublet was observed at 6 1.40 and 
1.47 ppm. Two peaks attributable to methine protons occurred at 6 2.60 and 2.90 
ppm. 
Properties of Poly(trans-l,4-cyclohexylene-trans-l,4- 
Cyclohexanedicarboxamide) ALI-1 
Infrared Analysis-The infrared spectrum of ALI-1 showed absorptions (Table 3) at 
3280 (free N-H stretch); 3090 (bonded N-H stretch); 2920 and 2840 (aliphatic C-H 
stretch); 1625 (amide I band C=0 stretch) 1530 (amide II band N-H bending C-N 
stretching mixed vibration); 1440, 1390, 1335, 1310 (CH2 bending deformations) and 
1250 and 1230 (amide III band C-N stretching/N-H bending mixed vibration) cm-*. 
13 Nuclear Magnetic Resonance Analysis-The C spectrum (see Fig. 13) of ALI-1 
showed the following chemical shifts: 6 29.1 (cyclohexanedicarboxamide ring 
methylene carbon), 30.5 (cyclohexylene ring methylene carbon), 44.0 (cyclohexane¬ 
dicarboxamide ring methine carbon), 55.0 (cyclohexylene ring methine carbon) and 
174.4 (the aliphatic carbonyl carbon). 
42 
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FiRiiZ- H nmr spectrum of cis,trans-l,4-cyclohexanedicarbonyi chloride. 
Table 3. Infrared Absorptions of Poly(trans-l,4-cyclohexylene-trans-l,4-cyclohexanedicarbox- 
amide), ALI-1; Poly(p-phenyleneterephthalamide), ARO-1; and Poly(trans-l ,4-cyclohexylene- 
trans-1,4-cyclohexanedicarboxamide: p-phenyleneterephthalamide), BLC-1. 
AU-i _Â 
Wavenumber (cm- ) 
ARO-1 
Wavenumber (cm- ) 
BLC-1 
Wavenumber (cm-1) 
3280 3300 3280 
3060 3120 3120 
2920 3060 3060 
2840 2910 2910 
1623 1635 2840 
1530 1600 2840 
1440 1540 1530 
1390 1505 1440 
1335 1420 1390 
1320 1395 1340 
1250 1310 1310 
1230 1250 1250 
1190 1220 1230 
1100 1100 1190 
1040 1010 1100 
930 970 1005 
895 885 930 
860 855 885 
860 815 850 
760 780 810 
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13 Fifi- 13* C nmr spectrum of poly(imino-trans-l,^-cyclohexyleneimino- 
carbonyl-trans-l,4-cyclohexylenecarbonyl-b-imino-l,4-phenyleneimino- 
terephthaloyD. 
Viscosity Measurements-Inherent viscosity vaiues (Table 4) of 0.24 and 0.28 dL/g 
were determined for ALI-1 prepared by solution polycondensation.. Values of 0.38, 
0.66, 0.67, and 0.76 dL/g were determined for ALI-1 prepared by interfacial poly¬ 
condensation. 
Properties of Poly(trans-l,4-cyclohexylene-cis,trans- 
1,4-cyclohexanedicarboxamide) ALI-2 
Infrared Analysis-The infrared spectrum of ALI-2 showed absorptions (Table 5) at 
3260 (free N-H stretch); 3040 (bonded N-H stretch); 2910, 2890 and 2840 (aliphatic 
C-H stretch); 625 (amide I band C=0 stretching vibration); 1580 (amide II band N-H 
bending/C-N stretching mixed vibration); 1440, 1380, 1340, 1320 (CH2 bending 
deformations) and 1250, 1230 (amide III band C-N stretching/N-H bending mixed 
vibration) cm’l 
Nuclear Magnetic Resonance Analysis-The spectrum of ALI-2 showed the 
following chemical shifts: 6 26.1 (cyclohexanedicarboxamide ring methylene 
carbon), 28.0 (cyclohexylene ring methylene carbon), 39.2 (cyclohexanedicarbox¬ 
amide ring axially substituted methine carbon), 41.1 (cyclohexanedicarboxamide 
ring equatorially substituted methine carbon), 51.9 (cyclohexylene ring methine 
13 
carbon) and 179.6 (the carbonyl carbon) ppm. C spectral assigments are 
illustrated in Fig. 14. 
Viscosity Measurements-Inherent viscosity values (Table 4) of 0.30, 0.52 and 0.64 
dL/g were determined for ALI-2 prepared by interfacial polycondensation. 
Table 4. Reagent Quantities, Reaction Parameters and Inherent Viscosities for the Aliphatic Homopolymers. 
Reference 










Time (rr CDA CDC Na2CO 3 H2° CH2CL2 DMAC LiCl TEA 
- ^ 
ALI-1 
8121 2.52 4.16 48.0 1.93 4.11 < 10 0.41 — 30 
8230 5.04 8.32 95.5 3.86 8.22 < 10 0.41 0.28 
8242 4.40 7.23 9.01 386 102.4 25 0.38 15 
8249 2.4 4.0 6.00 210 57.0 25 0.67 40 
8256 2.75 4.5 7.0 250 59.7 25 0.095 0.66 40 
*8258 8.8 8.6 13.0 363 122.1 9.1 25 2.6 0.32 
8266 5.4 8.6 13.4 470 119.4 25 0.078 9.2 0.76 180 
8397 1.88 3.1 59.0 1.5 3.1 < 10 0.25 0.24 60 
8398 3.69 6.0 9.0 340 92.9 25 0.073 0.66 30 
ALI-2 
8261 6.0 9.67 15.0 526 130.0 25 0.086 0.30 15 
8280 5.8 9.3 14.4 520 130.0 25 0.78 0.64 180 
8292 5.7 9.38 14.0 500 119.4 25 0.080 0.52 60 
ALI-3 
8277 1.71 2.82 4.38 150 41.1 25 0.078 3.1 0.14 480 
-c- 
CT\ 
Table 5. Absorptions of Poly(trans-l ,4-cyclohexylene-cis,trans-l ,4-cyclohexanedicarboxamide), 
ALI-2; Poly(p-phenyleneterephthalamide), ARO-1; and Poly(trans-1,4-cycIohexyiene-cis,trans- 




Wavenumber (cm” ) 
BLC-2 
Wavenumber (cm”1) 
3260 3300 3280 
3040 3120 3140 
2910 2910 3060 
2890 1635 3040 
2840 1600 2920 
1625 1540 2890 
1530 1510 2840 
1440 1420 1630 
1380 1395 1600 
1340 1310 1535 
1320 1250 1500 
1250 1220 1445 
1230 1100 1395 
1190 1010 1340 
1100 970 1310 
940 885 1250 
930 855 1230 
890 815 M90 
860 780 1100 












13 Fig. 14. C nmr spectrum of poly(trans-l,4-cyclohexylene-cis,trans-l,^-cyciohexanedicarboxamide: 
1,4-phenyleneterephthalamide); BLC-2. 
49 
Properties of Poly(trans-l,2-cyclohexylene-trans- 
1,4-cyclohexanedicarboxamide) ALI-3 
Infrared Analysis-The infrared spectrum of ALI-3 showed absorptions (Table 6) at 
3260 (free N-H stretch); 3060 (bonded N-H stretch); 2910 and 2840 (aliphatic C-H 
stretch); 1650, 1630 (amide I band C=0 stretch); 1530 (amide II N-H bending/C-N 
stretching combination band); 1440, 1380, 1335, 1315 (C^ bending deformations) 
and 1250 (amde III band C-N stretching/N-H bending mixed vibration) cm*^. 
Nuclear Magnetic Resonance Analysis-The spectrum (Fig. 15) of ALI-3 showed 
the following chemical shifts: 6 22.8 (attributed to y carbons in the trans-1,2- 
cyclohexylene ring) 26.1 (cyclohexanedicarboxamide ring methylene carbons), 26.6 
(cyclohexylene ring fJ carbons) 30.0 (attributed to a solvent impurity), 41.4 
(cyclohexanedicarboxamide methine carbons) 56.2 (cyclohexylene a carbons and 
181.5 (carbonyl carbons). 
Viscosity Measurements-An inherent viscosity of 0.14 dL/g was determined for 
interfacially prepared ALI-3 (Table 4). 
Properties of Poly(l,4-phenyleneterephthalamide) AR.O-1 
Infrared Analysis-The infrared spectrum of ARO-1 showed absorptions (Table 3) at 
3300 (free N-H stretch); 3120 (bonded N-H stretch); 3060 (aromatic C-H stretch); 
1635 (amide I bond C=0 absorption); 1600, 1505 (C=C skeletal in plane vibrations); 
1540 (amide II band C-N stretching/N-H bending mixed vibration); 1250, 1230 
(amide III band C-N stretching/N-H bending mixed vibration); 1100, 1010, 970 (C-H 
in plane deformations) and 815 (C-H out of plane bending vibration for p- 
disubstituted phenylenes) cm"^. 
Table 6. Absorptions of Poly(trans-l ,2-cyclohexylene-trans-l ,9-cyclohexanedicarboxamide), 
ALI-3; Poly(p-phenyleneterephthalamide), A RO-1; and Poly(trans-l ,2-cyclohexylene-trans-l ,9- 





-1, BLC-5 j 
Wavenumber (cm’ ) 
3260 3300 3260 
3060 3120 3120 
2910 3090 3080 
2890 2910 2910 
2660 1635 2890 
2990 1600 1680 
1650 1510 1660 
1630 1920 1600 
1530 1395 1550 
1990 1310 1535 
1380 1250 1515 
1335 1220 1500 
1315 1100 1990 
1315 1010 1390 
1250 970 1390 
1190 885 1310 
1135 855 1300 
1090 780 1250 
1090 720 1215 









Fig- il» NMR spectrum of poly(trans-l,2-cyclohexyiene-trans-M-cyclohexanedicarboxamide: 
1,4-phenyIeneterephthalamide); BLC-5. 
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Viscosity Measurements-Inherent viscosity values (Table 7) of 0.36, 0.45, 0.59, 0.91, 
1.55, 1.57 and 1.59 dL/g were obtained for ARO-1 prepared by solution poly¬ 
condensation. Values of 0.35 and 0.40 dL/g were obtained for ARO-1 prepared by 
interfacial polycondensation. 
Properties of Poly(2-methyl-l,3-phenyleneterephthalamide) ARO-2 
Infrared Analysis-The infrared spectrum of ARO-2 showed absorptions (Table 8) at 
3250 and 3210 (attributed to free N-H stretch of secondary amide cis and trans 
rotational isomers); 3130 (bonded N-H stretch); 3040 (aromatic C-H stretch);2940 
(methyl C-H stretch); 1630 (amide I band C=0 stretch); 1600, 1510 (C=C skeletal 
in plane vibrations); 1535 (amide II C-N stretching/N-H bending combination band) 
and 1450, 1390 (CH^ bending vibrations) cm~*. 
13 
Nuclear Magnetic Resonance Analysis-The C spectrum of ARO-2 showed 
chemical shifts at 6 129.46, 129.64, 130.48, 131.23, 131.87 and 172.28. The low 
field absorbtion is attributed to the carbonyl carbon, the high field absorption to 
the 2-methyl-l,3-phenylene methyl carbon, and the intermediate absorptions to 
aromatic protons. spectral assignments are shown in Fig. 16. 
Properties of Poly(trans-l,4-cyclohexylene-trans-l,4- 
Cyclohexanedicarboxamide: l,4-phenyleneterephthalamide)(BLC-l) 
Infrared Analysis-The infrared spectrum of BLC-1 showed absorptions (Table 3) at 
3270 (free N-H stretch); 3120 (bonded N-H stretch for ARO-1); 3080 (bonded N-H 
stretch for ALI-1); 3040 (aromatic C-H stretch); 2910 and 2840 (aliphatic C-H 
stretch); 1630 (amide I band C=0 stretch); 1600, 1505 (C=C in plane skeletal 
Table 7. Reagent Quantities, Reaction Parameters and Inherent Viscosities for the Aromatic Homopolymers 
Grams of Reagent 
   - —   Temp 
Reference PDA TPC Na2CC>3 H2Q CH2CL2 DMAC LiCl TEA 
0 C 
Polymer 
Moles Polymer Inherent 
Polymer Weight Viscosity Reaction 
Solids/L (g) (dL/g) Time (min) 
ARO-1 
8121 68.0 1.93 6.11 <10 0.61 — 
8230 6.32 8.96 95.5 3.86 8.22 <10 0.61 0.91 
8262 3.76 7.82 83.6 3.36 7.20 <10 0.61 — 30 
8262 0.96 1.95 0.85 <10 0.36 
8273 2.0 6.13 73.1 1.78 3.80 <10 0.25 1.57 30 
8283 6.0 8.26 9.0 380 100.8 25 0.08 0.60 15 
8287 1.09 2.28 39.3 0.96 2.1 <10 0.25 0.59 30 
8289 1.75 2.96 58.1 1.66 3.1 <10 0.26 0.59 30 
8293 1.09 2.28 39.3 0.96 2.1 <10 0.25 1.55 15 
8395 1.09 2.28 39.3 0.96 2.1 <10 0.25 1.59 30 
8397 1.09 2.28 39.3 0.96 2.1 <10 0.25 0.65 15 
8398 3.13 6.5 9.0 360 92.9 0.73 0.35 15 
ARO-2 
8263 1.75 3.28 36.5 1.66 3.1 < 10 0.38 
8267 1.75 3.28 36.5 i .66 3.1 <10 0.38 
8269 1.75 3.28 36.5 1.66 3.1 <10 0.38 
8281 1.75 3.28 58.1 1.66 3.1 <10 0.25 
8286 6.00 7.62 9.0 365 91.5 0.08 
8285 1.75 3.23 30.0 1.66 3.1 <10 0.50 








Table 8. Infrared Absorptions of Poly(trans-l,4-cyclohexylene-trans-l,4-cyclohexanèdicarbox- 
amide), ALI-1} Poly (2-methyI-l ,3 -phenyleneterephthalamide), ARO-2) Poly(trans-l, 4-cyclohe xylene- 
trans-1,4-cyclohexanedicarboxamide: 2-methyl-l ,3-phenyleneterephthalamide), BLC-3. 
ALI-1 




Wavenumber (cm’ ) 
3275 3210 3260 
3060 3210 3120 
2920 3210 2900 
2840 3130 2830 
1625 3040 1630 
1530 2980 1610 
1440 2910 1600 
1390 1920 1570 
1335 1630 1520 
1320 1590 1510 
1250 1570 1450 
1230 1535 1375 
1230 1510 1300 
1190 1480 1240 
1100 1460 1180 
1040 1430 1120 
930 1390 1095 
895 1295 1025 
860 1260 995 
760 1160 920 
740 1125 880 














Fig- 16. C spectrum of poly(trans-l,4-cyclohexylene-trans-l,4-cyclohexanedicarboxamide: 2- 
methyl-l,3-phenyleneterephthalamide); BLC-3. 
56 
vibrations); 1530 (amide II band N-H bending/C-N stretching mixed vibration); 1440, 
1390, 1340 and 1310 (CF^ bending deformation); 1250, 1230 (amide III band C-N 
stretching/N-H bending mixed vibration); 1100, 1005 (aromatic C-H in plane 
deformations) and 810 (aromatic C-H out of plane bending for p-disubstituted 
phenylenes) cm-*. 
13 Nuclear Magnetic Resonance Analysis-The C spectrum of BLC-1 (Fig. 13) showed 
chemical shifts at 629.1 (cyclohexanedicarboxamide ring methylene carbon), 30.5 
(cyclohexylene ring methylene carbons), 44.0 (cyclohexanedicarboxamide ring me- 
thine carbons), 55.0 (cyclohexylene ring methine carbons), 128.5 (phenylene ring 
unsubstituted carbon atoms), 133.1 (terephthalamide ring unsubstituted carbon 
atoms), 134.0 (terephthalamide ring substituted carbon atoms), 134.6 (phenylene 
ring substituted carbon atoms), 174.4 (aromatic carbonyl carbons) and 182.7 
(aliphatic carbonyl carbons). 
The spectrum of BLC-1 (Fig. 17) showed broad absorptions at 0.95 (axial 
cyclohexane methylene protons); 1.50 (equatorial cyclohexane methylene protons); 
2.03 (cyclohexylene methine protons); 3.28 (cyclohexanedicarboxamide methine 
protons) and 6.97, 7.26, 7.45, 7.61 and 7.71 (aromatic protons). 
An intense low field absorption at 10.69 ppm was attributed to exchanged 
protons in Û2SO^, and the absorption at 3.6 ppm to HOD as an impurity in DMSO- 
d6* 
Viscosity Measure men ts-Inherent viscosity determinations for BLC-1 (Table 9) 
were 0.56, 0.64, and 0.66 dL/g when the aliphatic block, the aromatic block and the 
block copolymer were prepared by solution polycondensation. Inherent viscosities 
T i i i I i i i r I i i i i I i i i i |—i—i—i—[—i—i—i—i—r 
Fifi- 17* nmr spectrum of poly(trans-l,4-cyclohexylene 
phenyleneterephthalamide); BLC-1. -trans-l,4-cyclohexanedicarboxamide: M- 
Table 9. Reagent Quantities, Reaction Parameters and Inherent Viscosities lor the Block Copolyamides. 























































































TEA 0 C Solids/L 
7.4 <10 0.41 
13.3 <10 0.41 
13.0 <10 0.41 
3.1 <10 0.25 
5.1 <10 0.24 
25 0.06 
3.8 <10 0.25 
3.8 <10 0.25 
5.7 <10 0.39 
5.7 <10 0.46 
5.8 <10 0.29 
5.6 <10 0.26 
3.9 <10 0.22 



















6.4 0.57 1800 
0.56 1200 
7.1 0.57 





of 0.78 and 1.27 dL/g were obtained when the aliphatic block was prepared 
interfacially and the aromatic block and the block copolymer were prepared in a 
homogeneous solvent medium. A value of 0.76 dL/g was obtained for the block 
copolyamide when the aliphatic block, the aromatic block and the block copolymer 
were all prepared by in ter facial polycondensation. 
Properties of Poly(trans-l,4-cyclohexylene-cis,trans-l,4- 
cyclohexanedicarboxamide: 1,4-phenyleneterephthalamide) BLC-2 
Infrared Analysis-The infrared spectrum of BLC-2 showed absorptions (Table 6) at 
3280 (free N-H stretch); 3140 (bonded N-H stretch for ARO-1); 3060 (aromatic C-H 
stretch for ARO-1); 3040 (bonded N-H stretch for ALI-1); 2910, 2890, 2840 
(aliphatic C-H stretch); 1630 (amide I band C=0 stretch); 1600, 1500 (C=C in plane 
skeletal vibrations); 1535 (amide II N-H bending/C-N stretching combination band); 
1445, 1395, 1340 and 1310 (CH2 bending deformations); 1250, 1230 (amide III band 
C-N stretching N-H bending mixed vibration); 1100, 1010 (aromatic C-H in plane 
deformations); and 810 (aromatic C-H out of plane bending for p-disubstituted 
phenylenes) cm-*. 
13 Nuclear Magnetic Resonance Analysis-The C spectrum of BLC-2 (Fig. 14) showed 
chemical shifts at 6 26.08 (cyclohexanedicarboxamide methylene carbons), 28.03 
(cyclohexylene ring methylene carbons), 39.17 (cyclohexanedicarboxamide ring 
axially substituted methine carbons), 41.07 (cyclohexanedicarboxamide ring equa- 
torially substituted methine carbons), 51.90 (cyclohexylene ring methine carbons), 
125.53 (phenyiene ring unsubstituted carbon atoms), 130.11 terephthalamide ring 
unsubstituted carbon atoms), 131.58 (terephthalamide ring substituted carbons), 
60 
133.19 (phenylene ring substituted carbons), 171.20 (ARO-1 carbonyl carbon) and 
179.55 (ALI-2 carbonyl carbon). 
The spectrum of BLC-2 showed broad absorptions at 6 0.95 (trans-1,4- 
cyclohexane axial methylene protons), 1.50 (trans-1,4-cyclohexane equatorial 
methylene protons), 2.06 (trans-l,4-cyclohexanedicarboxamide methine protons), 
3.35 (trans-1,4-cyclohexylene methine protons) and a broad absorption between 6.6 
and 7.4 ppm attributed to aromatic protons. 
Viscosity Measurements-Inherent viscosity values (Table 9) of 0.38, 0.86 and 1.06 
dL/g were determined for BLC-2 where the aliphatic blocks were prepared by 
interfacial polycondensation and the aromatic blocks and block copolymers were 
prepared by solution polycondensation. 
Properties of Poly(trans-l,4-cyclohexylene-trans-l,4- 
cyclohexanedicarboxamide: 2-methyl-l,3-phenyleneterephthalamide) 
Infrared Analysis-The infrared spectrum of BLC-3 showed absorptions (Table 8) at 
3260 (free amide N-H stretch); 3120 (bonded amide N-H stretch); 2900, 2840 
(aliphatic C-H stretch); 1630, 1610 (amide I band C=0 stretch); 1600, 1510 (C=C in 
pleine skeletal vibrations); 1520 (amide II N-H bending/C-N stretching combination 
band); 1450, 1375, 1300 (CH3/CH2 bending deformations); 1240 (amide III band) and 
1095 and 995 (aromatic C-H in plane deformations) cm~*. 
Nuclear Magnetic Resonance Analysis-The ^C spectrum of BLC-3 (Fig. 16) showed 
chemical shifts at <5 26.2 (cyclohexanedicarboxamide methylene carbons); 28.1 
(cyclohexylene methylene carbons); 41.43 (cyclohexanedicarboxamide methine 
61 
carbons); 52.05 (cyclohexylene methine carbons); 129.64; 130.47, 131.23 and 131.38 
(aromatic carbons); 172.29 (aromatic carbonyl carbon) and 179.62 (aliphatic 
carbonyl carbon). 
The *H spectrum of BLC-3 showed chemical shifts at 50.95 (axial methylene 
protons), 1.49 (equatorial methylene protons), 1.75 (2-methyl-l,3-phenylene methyl 
protons), 2.02 (cyclohexanedicarboxamide methine protons), 3.34 (cyclohexylene 
methine protons) and aromatic protons at 7.1, 7.5 and 7.7 ppm. 
Viscosity Measurements-Inherent viscosity values (Table 9) of 0.57 and 0.59 dL/g 
were determined for BLC-3 where the aliphatic blocks were prepared by interfacial 
polyamidation and the aromatic blocks and the block copolymers were prepared by 
solution polyamidation. 
Properties of Poly(trans-l,4-cyclohexylene-cis,trans-l,4- 
cyclohexanedicarboxamide: 2-methyl-l,3-phenylenterephthalamide) BLC-4 
Infrared Analysis-The infrared spectrum of BLC-4 showed absorptions (Table 10) at 
3280 (free amide N-H stretch); 3060 (aromatic C-H stretch); 3030 ( bonded amide 
N-H stretch); 2920, 2890, 2850 (aliphatic C-H stretch); 1630 (amide I band C=0 
stretch); 1600, 1520 (C=C in plane skeletal vibrations); 1535 (amide II band); 1460, 
1370, 1300 (CH^/CH2 bending deformations); 1260 (amide III band) and 1115, 1010 
(aromatic C-H in plane deformations) cm-*. 
13 Nuclear Magnetic Resonance-The C spectrum of BLC-4 (Fig. 18) showed 
chemical shifts at 5 12.5 (2-methyl-l,3-phenylene ring methyl carbon); 26.2 
(cyclohexanedicarboxamide ring methylene carbons); 28.2 (cyclohexylene ring 
methylene carbons); 38.2 (cyclohexanedicarboxamide ring axial methine carbons); 
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Table 10. Infrared Absorptions of Poly(trans-l ,4-cyclohexylene-xis,trans- 
1,4-cyclohexanedicarboxamide), ALI-2; Poly(2-methyl-l ,3-phenylenetereph- 
thalamide, ARO-2; and Poly(trans-l,4-cyclohexylene-cis,trans-l,4-cyclo- 







3260 3210 3280 
3 040 2920 3060 
2910 1920 3030 
2840 1770 2920 
1625 1630 2890 
1530 1590 2850 
1440 1570 1630 
1380 1510 1600 
1340 1480 1580 
1320 1460 1520 
1250 1430 1480 
1230 1390 1460 
1190 1295 1440 
1100 1260 1390 
940 1160 1370 
930 1125 1300 
890 1100 1260 
860 995 1195 
830 910 1135 
810 840 1115 
760 800 1050 









41.3 (cyclohexanedicarboxamide ring equatorial methine carbons); 52.2 (cyclohexy¬ 
lene ring methine carbons); 129.8, 130.6, 131.5, 132.0, 132.4 (aromatic carbons); 
172.4 (aromatic carbonyl carbons); and 179.8 (aliphatic carbonyl carbons). 
Viscosity Measurements-Inherent viscosity values (Table 9) of 0.56 and 0.57 dL/g 
were determined for BLC-4 where the aliphatic blocks were prepared by interfacial 
polycondensation and the aromatic blocks and block copolymers were prepared by 
solution polycondensation. 
Properties of Poly(trans-l,2-cyclohexylene-trans-l,4- 
cyclohexanedicarboxamide: 1,4-phenyleneterephthalamide) BLC-5 
Infrared Analysis-The infrared spectrum of BLC-5 showed absorptions (Table 6) at 
3260 (free N-H stretch); 3120 (bonded N-H stretch for ARO-1); 3080 (bonded N-H 
stretch for ALI-3); 3040 (aromaticT^-H stretch); 2910 and 2840 (aliphatic C-H 
stretch); 1640, 1630 (amide I band C=0 stretch); 1600, 1500 (C=C in plane skeletal 
vibrations); 1535 (amide II N-H bending/C-N stretching combination band); 1440, 
1390, 1340, 1310 (CH2 bending deformations); 1250 (amide III N-H bending/C-N 
stretching combination band), and 1100, 1010 (aromatic C-H in plane deformations) 
-1 cm . 
Nuclear Magnetic Resonance Analysis-The ^C nmr spectrum of BLC-5 (Fig. 15) 
showed absorptions at 622.8 (cyclohexylene Y carbons); 26.1 (cyclohexanedicarbox¬ 
amide ring methylene carbons); 26.6 (cyclohexanedicarboxamide ring methylene 
carbons); 41.4 (cyclohexanedicarboxamide ring methine carbons); 56.2 (cyclohexy¬ 
lene ring methine carbons); 125.8, 130.3, 131.9, 133.4 (aromatic carbons) 171.5 
(aromatic carbonyl carbons); and 181.5 (aliphatic carbonyl carbon). 
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Viscosity Measure men ts-An inherent viscosity value (Table 9) of 0.60 was deter¬ 
mined for BLC-5 where the aliphatic block was prepared interfacially and the 
aromatic block and the block copolymer were prepared by homogeneous polycon¬ 
densation. 
The *H spectrum of BLC-5 showed broad absorptions at <5 0.98 (axial ring 
protons); 1.51 (equatorial ring protons); and 2.13 (methine protons). The aromatic 
protons exhibited a broad absorption between 6.8 and 7.2. 
Infrared Absorptions of Poly(2-methyl-l,3-phenyleneterephthalamide: 
1,4-phenyieneterephthalamide) BLC-6 
Infrared Analysis- The infrared spectrum of BLC-6 showed absorptions (Table 11) 
at 3280 (free amide N-H stretch); 3130 (bonded N-H stretch); 3090, 3040 (aromatic 
C-H stretch); 2900 (methyl C-H stretch); 1635 (amide I band C=0 stretch) 1590- 
1500 (C=C in plane skeletal vibrations); 1530 (amide II band); 1460, 1380 (CH^ 
banding deformations); 1250, 1220 (amide III band); 1100, 1005 (aromatic C-H in 
plane deformations); 810 (aromatic C-H out of plane bending characteristic of p- 
disubstituted phenylenes); and 770 (aromatic C-H out of plane bending characteris¬ 
tic of three adjacent hydrogens) cm-*. 
Viscosity Measurements-An inherent viscosity value (Table 9) of 0.91 dL/g was 
determined for BLC-6 where both aromatic blocks and the block copolymer were 
prepared by solution polycondensation. 
13 Nuclear Magnetic Resonance Analysis-The C spectrum (Fig. 19) of BLC-6 showed 
absorptions at 6 12.5 (2-methyi-l,3-phenylene methyl carbon); 125.9, 130.4, 130.6, 
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Table 11. Absorptions of Poly (2-methy 1-1,3-phenyleneterephthalamide), ARO- 
2; Poly(p-phenyleneterephthalamide), ARO-1; and Poly(2-methy 1-1,3-phenylene¬ 







3210 3300 3280 
2920 3120 3130 
1920 2910 3090 
1770 1635 3040 
1630 1635 2900 
1590 1600 1635 
1570 1540 1590 
1510 1510 1580 
1480 1420 1530 
1460 1395 1500 
1430 1310 1475 
1390 1250 1460 
1295 1220 1390 
1160 1100 1380 
1125 1010 1305 
1100 _ 970 1250 
995 885 1220 
910 855 1160 
840 815 1100 
800 780 1005 
760 720 910 










l9- 13NMR spectrum of poly(2-methyl-i,3-phenyieneterephthalamide: 1,4-phenyleneterephthala- 
mide); BLC-6. 
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131.5, 132.0, 133.4 (aromatic carbons); 171.5 (1,4-phenyleneterephthalamide car¬ 
bonyl carbon); and 172.5 (2-methyl-l,3-phenylene carbonyl carbon). 
Discussion 
Monomer Synthesis-A primary requirement for formation of high molecular weight 
polymer by homogeneous polycondensation is purity of the starting materials 
(monomers, solvents and salts). For the polyamidations considered here, anhydrous 
"reaction conditions in an inert atmosphere were required to prevent monomer 
12 contamination and chain termination competing reactions." 
Cyclohexanediamine reacts with atmospheric water vapor and carbon dioxide 
to form a high melting dicarbonate salt and considerable effort was expended in 
developing a method for obtaining the diamine in a pure, dry form. 
An examination of the chemical literature revealed several methods for 
synthesis of trans-l,4-cyclohexanediamine. These include: hydrogenation of 1,4- 
phenylenediamine with a ruthenium catalyst"** and subsequent separation of the 
cis,trans-isomers; conversion of a cis,trans-l,4-dinitrocyclohexane mixture to the 
pure trans-isomer with ethanolic sodium bicarbonate followed by hydrogenation of 
54 the trans isomer in the presence of a platinum catalyst to the diacid chloride salt 
of trans-l,4-cyclohexanediamine; and preparation of trans-l,4-cyclohexanediamine 
from trans-l,4-cyclohexanedicarboxylic acid by means of the Curtius 
*• 55,56 reaction. 1 
A method developed in this research involves synthesis of trans-l,4-cycloh- 
xanediamine from trans-l,4-cyclohexanedicarboxylic acid using the Hofmann 
reaction. Although the Hofmann reaction is a well established synthetic procedure, 
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no literature reference was found where trans-l,^-cyciohexanediamine was pre¬ 
pared by this method. This was considered a more direct route to the diamine than 
the methods described above since the Hofmann reaction (reaction 1) consists of 
only two steps and 
Reaction 1 
Step 1 
proceeds with retention of configuration (Fig. 20) through a three center transition 
statewhich precludes isomer separation. One problem associated with 
preparation of cyclohexanediamine by this method is the reaction of by-product 
carbon dioxide from hydrolysis of the isocyanate (Fig. 20) with the diamine in an 
aqueous medium to form diaminedicarbonate. 
Established reaction procedures were followed with the resulting formation of 
the diamine, but separation of the product from the aqueous reaction mixture was 
achieved with difficulty. Saturation of the reaction mixture with sodium hydroxide 










extraction with a variety of organic solvents (diethyl ether, benzene, methylene 
chloride or chloroform) yielded only trace quantités of product after solvent 
evaporation. The diamine, although a derivative of a six-membered cycloalkane 
ring exhibited a higher affinity for polar media. 
Freezing the Hofmann reaction mixture and separation of the precipitate 
according to the procedure of Teague and Roe^ resulted in a mixture of sodium 
hydroxide and trans-l,4-cyclohexanediamine dicarbonate. This mixture was heated 
at reduced pressure (8 mm) and cyclohexanediamine dicarbonate was distilled at 
130° C and immediately crystallized in the condenser as a brittle white solid. The 
infrared spectrum of the diaminedicarbonate was similar to that of trans-1,4- 
cyclohexanediamine (Table 2) showing one peak at 3310 cm'^ (asymmetric N-H 
stretch) with no absorption peak for symmetric N-H stetch at 3250 and an 
absorption peak at 1560 characteristic of the -N^ scissoring deformation. 
Additional absorptions were observed at 3320 cm-* (O-H stretch characteristic of 
_1 + 
water); at 2110 cm (attributed to -NH^ stretch of a salt of a weak acid) and 1580 
cm-* (characteristic of carbonate C=0 stretch). 
The *H nmr spectrum of trans-l,4-cyclohexanediaminedicarbonate taken in 
water at ambient temperature was virtually identical with that of trans-1,4- 
cyclohexanediamine (Fig. 9). 
The carbon dioxide and water were eliminated by converting the diamine¬ 
dicarbonate to the diaminedihydrochloride salt by refluxing the dicarbonate and 
concentrated hydrochloric acid solution overnight. Trans-l,^-cyclohexanediamine- 
dihydrochloride showed the following infrared absorptions: a broad band between 
3300 cm-* and 2300 cm-* (characteristic of an aminehydrochioride salt) and a 
strong sharp absorption at 2150 cm-*. 
72 
Free trans-1,4-cyclohexanediamine was formed from the dihydrochloride by 
dry distillation with potassium hydroxide. Although no solvent was used, water 
which formed in the neutralization reaction, codistilled at 116° C at 18 mm with 
the diamine and was subsequently removed by drying. The infrared spectrum of the 
pure diamine (Table 2) showed no -OH stretch attributable to water nor carbonate 
absorption from atmospheric or reaction byproduct sources. 
The Schmidt preparation of trans-1,4-cyciohexanediamine was subsequently 
found in the literature and was adopted as the most direct method as it allows 
conversion from trans-1,4-cyclohexanedicarboxylic acid to trans-1,4-cyclohexane- 






NHJ « HjSO*. 
62 through a three center transition state with retention of configuration (Fig. 21). 
The infrared spectrum of the cyclohexanediaminedihydrogen sulfate salt isolated 
from the Schmidt reaction was characteristic of amine salts, and virtually identical 
with that described for trans-1,4-cyclohexanediaminedihydrochloride. 
As in the Hofmann reaction, the trans-1,4-cyclohexanediamine salt was 
converted to free-diamine by means of dry distillation, but separation of the 
diamine from water was accomplished by ambient pressure distillation according to 
G 
Fig. 21. Mechanism of the Schmidt reaction. 
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63 the procedure reported by Hewgill and Jeffries. In the purification of trans-1,3- 
cyclohexanediamine they reported the successful separation of the diamine from 
water without isomerization at ambient pressure. Infrared and NMR analysis of the 
ambient pressure distillation product indicated that it was dry trans-l,4-cyclohex- 
anediamine. 
Cyclohexanedicarbonyl chloride is hydrolyzed by atmospheric water vapor to 
form cyclohexanedicarboxylic acid, and must be kept dry and used immediately. Of 
the two methods of preparing trans-l,4-cyclohexanedicarbonyl chloride, thionyl 
chloride (Reaction 3) was preferred over phosphorous pentachloride (Reaction 4) 
Reaction 3 
RCOOH + SOCl2 ^ RCOC1 + S02 + HC1 
Reaction 4 
RCOOH + PCI5  RCOC1 + POCl3 + HC1 
since the co-products of Reaction 3 are all gases and easily separated from the 
desired product. In Reaction 4, phosphorous oxychloride must be separated from 
the reaction mixture by distillation, and incomplete separation engenders product 
contamination. 
Isomerization of trans-1,^-cyclohexanedicarbonyl chloride to form a cis,trans 
mixture was accomplished by reduced pressure distillation or reflux. At the distil¬ 
lation temperature the degree of isomerization was observed to be a function of 
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time, and three distinct mixtures were prepared. The nmr spectrum of trans- 
1,4-cyclohexanedicarbonyl chloride (Fig. 11) shows the splitting pattern 
characteristic of trans-l,4-disubstituted cyclohexanes, and the nmr spectrum of 
cis,trans-l,4-cyclohexanedicarbonyl chloride shows (Fig. 12) the splitting pattern 
characteristic of a cis,trans-l,4-disubstituted cyclohexane. The second order 
doublet at 6 2.1 and 6 2.2 in the pure trans compound is transformed to a first 
order absorption in the cis,trans mixture. 
The percentages of trans-isomer for each polyamide (Table 12) were 
determined from the areas corresponding to normalized trans-proton absorptions 
and the areas corresponding to the cis-proton absorptions (the normalized 
difference between the areas corresponding to second order interaction at - 6 2.1- 
2.2-in the trans compound and the incipient first order absorption at 6 2.1-2.2) for 
*H nmr. For nmr spectra, the percentages of trans isomer were determined 
from the intensities of the axially substituted (high field) carbon (6 39.2, Fig. 14) 
and the equatorially substituted (low field) carbon ( 6 41.1). The data is 
considered a more direct measurement of the trans isomer percentage since the 
integration is proportional to the number of protons that undergo spin transitions at 
13 a given field strength. In order for C data to have the same weight, the 
relaxation delay would have to be increased by a minimum factor of five to 
compensate for larger spin-lattice relaxation differences, the percentages of 
trans-isomer obtained by the two methods agree within 5 to 6%. 
Molecular Size Distribution Relationships 
In the preparation of extended chain polyamide, low temperature homo- 
12 geneous polycondensation procedures have been shown to lead to high molecular 
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Table 12. Percentages of Trans Isomer in Samples of Poly(trans-l,4- 
cyclohexylene-cis, trans-1,4-cyclohexanedicarboxamide ) ; ALI-2. 
Reference 





C Peak Intensity 
cis trans cis trans 
Percent 
Trans 
8261 0.30 30 40 57 0.177 0.272 60 
8280 0.64 10 50 80 0.789 4.500 85 
8292 0.52 10 50 83 
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weight polymer. Other controlling factors include reaction rate, purity of 
intermediates and solvents, solubility of intermediates and polymer, mixing, side 
reactions and concentration. 
The degree of polymerization is also increased by the presence of added or 
by-product tertiary amine salt. For homogeneous polyamide systems, dimethyl- 
acetamide, triethylamine and lithium chloride were mixed to form a salt medium. 
Triethylamine serves as an acid acceptor for hydrogen chloride generated during 
the polycondensation reaction and the salt medium forms a soluble complex with 
the polymer, enhancing the swelling of the precipitated polyamide and contributing 
mobility for further polymerization. Dimethylacetamide serves as both solvent and 
acid acceptor. 
The foundation for theoretically derived molecular size distribution relation¬ 
ships in condensation polymerization is the principle of equal reactivity of ail 
functional groups. The principle of equal reactivity states that at every stage of 
polymerization an equal opportunity for reaction exists for each functional group of 
a given type regardless of the size of the molecule to which it is attached. The 
probability of a given functional group reacting will then equal the fraction p of all 
functional groups of the same type that have undergone condensation. If a given 
unit is known to be attached through its functional groups to a sequence of x 
consecutive units combined in a linear polymer chain, the probability that the other 
functional group of the unit has also reacted is still equal to p and is independent of 
the chain length indicated by x. 
For a linear condensation type i polyamide formed from an A-B type 
repeating unit (for example: poly( imino-trans-l,4-cyclohexylenecarbonyl -trans- 
4-amino-l-cyclohexanecarbonyl chloride) where the terminal amino group has been 
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randomly selected, determination of the probability that the polyamide is composed 
of x units may be ascertained by the following procedure. 
o 
The probability that the carbonyl group of the first unit forms an amide linkage is 
equal to p. The probability that the carbonyl group of the second unit forms an 
amide linkage is independent of the formation of the first linkage and is also equal 
x—1 
to p. The product of these individual probabilities, p , is the probability that this 
sequence continues for x-1 amide linkages or at least x units. 
The probability that the xth carbonyl chloride group is unreacted, limiting the 
chain to x units is 1-p, and the probability that the polyamide under consideration is 
composed of exactly x^*^ units is given by 
nx . p^U-p) (1) 
If no other monomer types are present, the probability nx, that any molecule se¬ 
lected at random is composed of x units must be equal to the mole fraction of x- 




where N is the total number of molecules of all sizes. If NQ represents the total 
number of units, then 
N = No(l-p) 
which leads to 
Nx = ryi-pjV"
1 (2) 
Neglecting the added weight of the end groups (equal to H + Cl) for each 
polyamide, the molecular weight of each species is directly proportional to x, and 
the weight fraction may be written 
wx = xNx/No 
substituting the value of Nx from équation (2) the weight fraction becomes 
wx = x(l-p)
2px_1 (3) 
The same derivation applies to type ii polyamides condensed from exactly 
equivalent proportions of A-A and B-B monomers. 
The mole fraction or number distribution curves calculated from equation 1 
are shown in Fig. 22 for polymers having average degrees of polymerization xn of 
20, 50 and 100. The corresponding weight fraction distributions calculated from 
equation 3 are shown in Fig. 23. Examination of equation 1 and Fig. 22 indicates 
that monomers are present in greater numbers than any other distinct molecular 
entity at all stages of condensation. Equation 3 and Fig. 23 indicate that on a 
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Fig. 22. Mole fraction distribution of chain molecules in a linear condensation 
polymer for different extents of reaction. 
Fig. 23. Weight fraction distributions of chain molecules in linear condensation 
polymers for different extents of reaction. 
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weight basis, the proportion of very low molecular weight polymers is small and is 
further truncated as the average molecular weight is increased. Weight 
distribution curve maxima occur very near the number average value of x, that is x 
= xn = 1 (1-p). 
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Three types of molecular species delineated by the following structures are 






B—B( A—AB—B)(x—1 )/2 
Type iiAB constitutes all molecules with even numbers of units, while type iiAA 
and iiBB constitute molecules with odd numbers of units. If an exact equality 
exists between the numbers of A—A and B—B units, the number of odd molecules 
will equal the number of even molecules, and the odd molecules will be equally 
divided between types iiAA and iiBB. The molecular weight distributions previously 
discussed apply as described except for end group variation between successive 
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even and odd values of x. 
The relative numbers of these three types of species are altered when an 
excess of one component is introduced into the polycondensation process, and there 
are more odd numbered molecules (including both type iiAA and iiBB) than even 
numbered molecules. This derives from the existence of more B than A end groups 
when the B-B unit is present in excess. Only type B-B molecules remain at the 
completion of the reaction (p=l). The weight fraction distribution at this point is 
50 . given by 
wx = xr
(x'1)/2(l-r)2/(l + r) (4) 
where r is the ratio of all A to B groups (r < 1) and x is limited to odd integral 
values. Equation 4 is analagous to equation 3 and describes a similar distribution 
curve. 
Incomplete polycondensation (p < 1) is the more general phenomenon. If the 
reactants are nonequivalent (r^ 1) all three types of molecular species are present. 
The number average degree of polymerization is given by 
x } + r  
n 2r x (1-p) + 1 - r (5) 
The weight distribution for each of the three types of molecular species 
resembles equation 3. For r < 1, the parallel curves exhibit maxima at the same 
value of x for each curve with the curve heights decreasing the order BB, AB, AA. 
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For the polyamidation reactions in this research, the general phenomenon of 
incomplete polycondensation (p < 1) applies although some reactions were allowed 
to run for several days. In the preparation of all block copolymers at 10% excess of 
diamine was added for one homopolymer and a 10% excess of acid chloride was 
added for the second homopolymer. This leads to the previously described situation 
where all three type ii condensation structures are present for each homopolymer 
with a preponderance of amino end groups for one homopolymer and a prepon¬ 
derance of acid chloride end groups for the second homopolymer as (p >-1). In 
each case the weight distribution curve would resemble that described by equation 
3. 
The importance of a preponderance of amino end groups for the aliphatic (or 
aromatic in BLC-6) system becomes more pronounced in the reactions where one 
12 block (homopolymer) was prepared interfacially. Morgan has shown that due to 
limited solubility of the aliphatic diamines in organic solvents, higher molecular 
weights for these aliphatic systems may be obtained by interfacial polycon¬ 
densation. The low inherent viscosities of ALI-1 (Table 4) and the value of 0.25 
dL/g obtained by Amporful^ in homogeneous systems are examples of the results 
of the solubility limitation. Values as high as 0.78 dL/g have been achieved in 
interfacial systems. 
Since aromatic homopolymers investigated achieved higher inherent viscosi¬ 
ties (Table 7) in a homogeneous medium, they were prepared by solution 
polycondensation. The aliphatic blocks that were to be copolymerized with the 
aromatic blocks were prepared interfacially, filtered and dried at elevated 
temperatures in a vacuum oven prior to copolymerization with the aliphatic blocks. 
The importance of a preponderance of amino end groups in the aliphatic block can 
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be recognized since handling under atmospheric conditions would hydrolyze acid 
chloride end groups to carboxylic acid end groups which could not undergo further 
polycondensation with amino end groups under the reaction conditions employed in 
this research. 
In a two phase polycondensation system, the reaction may take place in one 
of the two phases or at the interface between them. The former case is termed 
emulsion polycondensation and the latter—when the two phase system is a iiquid- 
9 
liquid system—is termed interfacial polycondensation. Interfacial polycondensa¬ 
tion has been extensively utilized in laboratory reactions^ and industrial applica¬ 
tions. 
The starting reagents in interfacial polycondensation are separately dissolved 
in two immiscible liquids. Generally, one of these liquids is water and the second 
liquid is any solvent that does not react with the monomers and is not miscible with 
water. Polymer formation takes place at the interface, i.e., at the contact surface 
between the two phases, and occurs almost exclusively by a diffusion mechanism. 
Surface tension is a very important factor in interfacial polycondensation**^ 
and is particularly marked if the solution is vigorously stirred. Although certain 
relationships have been established, direct experimental data on the effect of 
surface tension on interfacial condensation have yet to be determined. During the 
initial stages of reaction, the interface functions as a simple matrix, on which 
monomer molecules are oriented for synthesis. 
Principal factors affecting molecular weight and polymer product yield in 
interfacial polycondensation include monomer ratio, temperature, time, nature of 
solvent and pH of the aqueous phase. Monomer ratio may be varied by changing the 
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monomer concentration ratio while keeping constant the phase volume ratio, or by 
changing the phase volume ratio while maintaining the individual monomer 
concentrations in each of the phases. 
1 9 According to experimental data ’ examining the dependence of the molecu¬ 
lar weight of poly(hexamethylenesabacamide) on initial monomer concentrations, 
calculations show a maximum molecular weight at a diamine to acid chloride ratio 
ranging between five and six. Curves established for other inter facial poly¬ 
condensation systems (Fig. 24) indicate similar maximum values. These curves 
show that the maximum molecular weight does not correspond to an equimolar 
monomer ratio and that the curve delineating molecular weight as a function of the 
excess of one of the monomers is asymmetric and broader than that for 
homogeneous polycondensation. 
The effect of the monomer ratio on the polymer molecular weight may be 
explained in terms of the interfacial polycondensation diffusional mechanism. It 
has been established that the molecular weight or degree of polycondensation, p, is 
a function of the initial monomer ratio in the reaction zone as given by equation 
where q = N^/NQ is 
the molar ratio of monomers A and B. The polymer is expected to exhibit the 
maximum molecular weight if the monomer ratio in the reaction zone is one. 
Morgan and Kwolek^ have shown that this conclusion is valid for interfacial poly¬ 
condensation products where the ratio of the heterotypic end groups is 1:1, which 
indicates the possibility of high molecular weight products under these conditions. 
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-5 0 5 
Acid Chloride < —> Amine 
Monomer Excess 
A. Interfacial polycondensation — 
B. Homogeneous polycondensation 
Fig- 24. Polymer molecular weight as a function of monomer ratio for differ 
ent polycondensation techniques. 
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Interfacial polycondensation generates high molecular weights only if the rate 
of chemical reaction is much higher than the rate of diffusion, which for most 
systems proceeds at room temperature. The effect of temperature on molecular 
weight and polymer yield in heterogeneous systems is complex, involving changes in 
the acid chloride hydrolysis rate, differential solvent miscibilities, polymer chain 
9 
rigidity and the nature of the solvent. 
A number of parameters that affect the course of interfacial polycondensa¬ 
tion reactions may be determined by the nature of the organic phase. The 
parameters include the main reaction rate, side reaction rates, polymer precipita¬ 
tion rate from the reaction mixture, adsorptional interface parameters and 
permeability of the polymer film to monomers. Since these parameters affect the 
polymer molecular weight, the influence of the organic solvent becomes complex as 
it affects several physical and chemical variables of the polycondensation 
simultaneously. The optimum solvent is, in most cases, selected by trial and error. 
The pH value of the aqueous phase determines to a large extend the yield and 
molecular weight of the polymer formed by inter facial polycondensation. Curves 
representing yield and molecular weight of poly(hexamethylene terephthalamide) as 
a function of alkali concentration*^ in the aqueous phase exhibit maxima at alkali 
concentrations approximating one percent. 
The chain propagation rate in polyamidation reactions may generally be 
expressed as 
v 1 = kj(D)(A) 
where k^ is the chain propagation reaction rate constant and (D) and (A) represent 
the respective concentrations of diamine and diacid chloride in the reaction zone. 
88 
Chain terminating reactions during interfacial polyamidation reactions may be 
generated by the reaction of the terminal acid chloride group with water or alkali 
—R-COC1 + H20 > RCOOH + HC1 
or by reaction of a terminal amino group with liberated HC1: 
-R-NH2 + HC1 * R-NH+ + Cl" 
Rate expressions for these two processes may be written as 




With a pH function expressed in terms of a relationship between the propagation 
and termination rate constants 
P 
2 v 
v 2 v 
(7) 
substitution of equations 4-6 in equation 7 results in 
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2k1(D)(A) 




Plots of this curve^ show the dependence of the degree of polycondensation on the 
pH of the aqueous phase where maximum molecular weights occur between pH 
values of 5 and 7. 
Although polyamidation is accompanied by HC1 evolution, weakly acid to 
neutral pH conditions appear to increase molecular weight. This may be explained 
by the low k^ value for aromatic diamines in equation 6 which tends to shift the 
maximum k^ value toward lower pH values. 
For interfacially prepared polyamides, inherent viscosities for aromatic 
homopolymers (Fig. 25) appear to be limited by the solubilities of the aromatic 
systems in the aqueous phase. The reaction rates of ALI-1, ARO-1, and ARO-2 
appear to be approximately the same in initial stages of the polycondensation 
reactions with the curves of the aromatic polyamides abruptly leveling. The 
reaction rate of ALI-2 appears slower than the other three polyamides although it 
eventually attains an inherent viscosity of 0.64 dL/g. This reduced reaction rate is 
due to a sterically hindered axial acid chloride which therefore reacts more slowly 
due to a statistical reduction in approach routes of the diamine to the reactive site. 
For inter facial polycondensation reactions, a 10% excess of diamine was 
added to ensure a preponderance of diamino end groups in situations where this was 
required. This concentration is relatively close to the equimolar ratio delineated in 
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Fig. 25. Inherent viscosity as a function of time for interfacially prepared 
polyamides. 
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Fig. 25 which is expected to yield reasonably high molecular weights in an inter¬ 
facial system. Higher molecular weights are possible with an approximate five fold 
excess of diamine. 
The conditions for synthesis of the rod-like polymers intended for preparation 
of extended chain polyamides are different from those intended for bent poly¬ 
amides containing principally meta-oriented rings. The molecular weight of para- 
oriented polyamides increases with increasing concentration up to 0.25 mole/L or 
approximately 6.6 percent of polymer solids above which the molecular weight 
rapidly decreases. The molecular weight of meta-oriented polyamides increases 
35 with concentration up to 0.5 mole/L or approximately 20 percent polymer solids. 
For rod-like polymers, a highly viscous solution is produced at a low monomer 
concentration generating a high solvent to acid chloride ratio and the difficulty of 
diffusion in a viscous medium. This leads to a narrow range of polymer 
concentration for producing high molecular weight polyamide. 
The highest molecular weights for ARO-1 (Table 7) were obtained at concen¬ 
trations of 0.25 mole/L. The molecular weight of ARO-2 which contains a para- 
oriented ring connected to a meta-oriented ring in the repeating unit showed no 
appreciable change in inherent viscosity at any of the concentrations attempted. 
Compositional Analysis-Five homopolymers have been synthesized and characteriz¬ 
ed, and these homopolymers have been used in the preparation of six block 
copolyamides, each of which contains at least one extended chain segment. These 
block copolyamides have also been characterized and the infrared and nmr spectra 
are consistent with the proposed structures. The compositions of each block 
copolymer type as determined by and nmr are shown in Table 14. In three 
of the types, BLC-1, BLC-3 and BLC-4, the results of the two methods are in 
relatively close agreement. In BLC-5 where a difference arises, more weight is 
Table H. Block Inherent Viscosities and Mole Percentage Ratios in the Block Copolymers. 
Inherent Viscosity *H Integral Mole % Ratio Carbonyl Intensity Mole % Ratio 
Polymer 
Block 
Copolymer Block 1 Block 2 Block 1 Block 2 
Block 1 
Block 2 Block 1 Block 2 
Block 1 
Block 2 
BLC-1 BLC-1 ALI-1 ARO-2 
8122 0.56 — — 
8230 0.69 0.28 0.91 19 6 99/51 
8293 0.78 0.38 — 28 16 92/58 0.373 0.533 92/58 
8279 1.27 0.76 1.57 18 10 93/57 
8397 0.66 0.29 0.95 
8398 0.76 0.66 0.36 
BLC-2 A LI-2 ARO-1 
8265 0.38 0.30 0.36 0.365 0.960 52/98 
8299 0.86 0.52 1.55 30 8 65/35 
8296 1.06 1.06 1.59 
BLC-3 ALI-1 ARO-2 
8269 0.59 0.66 0.23 
8270 0.57 0.67 0.36 95 17 52/98 0.88 0.73 55/95 
BLC-9 AL1-2 ARO-2 
8282 0.56 0.69 0.35 
8286 0.57 0.69 0.35 25 27 25/75 6.298 15.872 28/72 
BLC-5 ALI-3 ARO-1 
8291 0.60 0.19 0.59 119 15 72/28 13/936 8.709 61/39 
BLC-6 ARO-2 ARO-1 
8290 0.91 0.33 0.59 15.567 7.066 69/31 
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given to the *H nmr results due to the more homogeneous proton relaxation times 
under the conditions for which the spectra were taken. 
CONCLUSION 
Five homopolymers and six block copolymers were synthesized and character¬ 
ized by infrared spectroscopy and by ^C and nmr spectroscopy. The observed 
absorptions for each homopolymer and block copolymer are consistent with the 
proposed structures. A linear block copolymer containing an aliphatic homopoly¬ 
mer and an aromatic homopolymer was prepared, and five block copolymers with at 
least one homopolymer containing monomers whose structures deviate from 
linearity were prepared. 
Viscosity values for polymer solutions at a given concentration are related to 
chain morphology and molecular weight (or degree of polymerization) values. The 
highest homopolymer inherent viscosities obtained were 1.59 dL/g for linear, 
aromatic ARO-1 and 0.76 dL/g for linear aliphatic ALI-1. The highest inherent 
viscosity block copolymer was prepared from the two linear homopolymers. 
Introduction of nonlinear elements in the polymer chain resulted in lower inherent 
viscosities for the block copolymers containing nonlinear monomers. Whether this 
results from chain morphology or molecular weight considerations can be resolved 
by future gel permeation chromatography determinations of polymer molecular 
weight. 
Polymer molecular weight was increased by using pure dry monomers and 
reagents in homogeneous polycondensation. Molecular weight was also increased by 
using initial monomer concentrations appropriate to the chain morphology of the 
resulting polymer. Interfacial polycondensation of the aliphatic homopoiymers 
produced higher inherent viscosities than homogeneous polycondensation primarily 
due to greater solubility of the diamine in water. The molecular weights of the 
94 
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aliphatic homopolymers can be further increased in heterogeneous media by using a 
five to six-fold diamine to diacid chloride monomer mole ratio. 
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